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FOREWORD

The H2-02 Space Shuttle auxfliary power unit (APU) program fs a NASA-Lewis
effort aimed at hardware demonstration of the technology required for potentlal
use on the Space Shufttle. This program was conducted under the directton of
Harry M. Cameron, Project Manager, NASA-Lewis Research Center. It was a follow-
on effort to two study programs conducted under Confracts NAS 3-14407 and
NAS 3-14408. The results of these studles were reported In the following NASA
Contractor Reports: NASA CR-2001, ~1994, -1995, -1996, -1997, -1993, and 1928.
Design activity under thls program was reported In NASA Contractor Report CR=-121214,

The requirements of NASA Pollcy Directive NPD 2220.4 (14 September 1970)
regarding the use of S units have been waived In accordance with the provisfons
of para. 5d of that directive by the Director of Lewis Research Center.

Distribution of this report fs provided in the [nterest of Tnformation
exchange. Responsibility for the contents resides in the author or organiza-=
tion that prepared it. Acknowledgement fs glfven to the fotlowing major
contributors:

D. V. Allen Program Management

W. L. Andersen APU-T System Testing

D. A. Balley Contro) Design

E. L. Dickason Final Report

E. N. Harrls Program Management

W. C. Sainio APU-T System Analysls and Final Report

D. S. Wimpress Subsystem Testing
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SUMMARY

An Hp-0o auxiliary power unit (APU) was designed and developed to meet
NASA specifications for an alternate Space Shuttie APU. The program objectives
werz to develop the technology for the design of an Hp-0p APU which would have
low specitic propellant consumption and be capable of utilizing the cryogeniz
propellants as a heat sink for the APU and the hydraulic system. The devziop-
ment passed through a logical sequence of analysis, design, fabrication, tes*,
and updating of the computer simulator modei. The program objectives were
met with an APU reference system that incorporated necessary propellant zon-
ditioning valves and heat exchangers, combustor, turbine and gearbox assembly,
and electronic propellant flow contro! system providing 400~shp output to two
hydraul ic pumps. The experimental test APU (APU-T) that incorporated all
significant flight APU features demonstrated the viability of a hydrogen-oxygen
APU. The test unit accumulated approximately 10 hr test time with 145 hot
starts. Extrapolations of performance at 350 +o 380 hp demonstrated a specific
propel tant consumption (SPC) of about 2.2 at 400 hp under space simulation.

The APU-T system was a close-coupled experimental test version of a refer-
gnce system designed in the program; it was schematically the same, but was
altered To reduce development costs. Flight-type components were used, except
tor the gearbox. Also, a nitrogen buffer labyrinth seal replaced the reference
system turbine face seal; an external l|ubrication system, functioning after
shutdown, obviated heat soakback protection; and the recuperator was designed
for ground tests where internal oressure was vacuum and external pressure was
ambient.

Development prob!ems were solved during component, subsystem, and system
tests. The main problem that occurred in system tests that did not occur
in componen* or subsystem tests was spark plug melting. |t was encountered
only when the turbine was installied in the system tests. The problem was
eliminated, but reoccurred near the end of the test program. The test pro-
gram was terminated before the solution to the plug melting probtem could
be demonstrated.

Component and system performance compared favorably with predictions,
The combustor provided near 100-percent efficiency and stable combustion over
the range of test chamber pressures. |t had the ability to operate over a
wide range of O/F ratios and chamber pressures. The turbine efficiency was
about 44 to 48 percent or about 4 to 8 points lower than expected, probably
because of excessive honeycomb seal l|eakage. Using smaller cells in the
honeycomb would reduce this leakage. The cooling capability of 400 hp for
the hydraulic system was about 4700 Btu/min. Turbine speed was controlled
within 1 percent of the mean during steady-state and transient operation.
During 100-hp load steps, the turbine inlet temperature was controlled within
40 R. No temperature spikes or overspeed conditions occurred during startup
and shutdown. The proper propellant conditioning was obtained with hydrogen
inlet temperature to the combustor contro!led within 15 R and hydrogen inlet
temperature to the hydraulic oil cooler controlled within 10 R.




A computer simulator was developed to verify the effects of contro!
options and control parameters, and the effects of system configuration changes
on fransient APU performance. The simutator is operational on the NASA-LRC
computer and may be utilized *+o make future changes, including power scal ing.



INTRODUCT ION

Two study programs performed for the NASA Lewis Research Center under
Contracts NAS 3-14407 and NAS 3-14408 showed a hydrogen-oxygen auxiliary
power unit (APU) system to be an attractive alternate to the Space Shuttle
basel ine hydrazine APU system for minimum weight. [n addition to providing
2 low specific propellant consumption relative to hydrazine, an APU system
using crycgenic hydrogen has the capability to meet many of the heat sink
requirements for the Space Shuttle vehicle, thereby greatly reducing the
amount of water or other expendable evaporant that must be provided with the
haseline APU for cooling. .

AiResearch was awarded Contract NAS 3-15708 in April 1972 to design,
build, and test a cryogenic hydrogen-oxygen fueled 400-hp APU suitable for
tne Space Shuttle orbiter. The primary objective of the program was to
demonstrate the APU technology required for a long-life, reusable, hydraulic
and electric APU. Tne initia!l APU system configuration, which was based on
work done in the previous studies, incorporated a recycle loop driven by a jet
pump to maximize the amount of available cooling, and several heat exchanger
bypass loops for oropeliant conditioning. A steady-state digital computer
program was formulated and a large matrix ot flight conditions, power settings,
and design variables was examined. These design studies showed per formance
prediction uncertainties associated with the jet pump cperation over a wide
range of conditions. Then a new reference system was studied in which the jet
pump was replaced by a new heat exchanger called the regenerator, which also
maximized the amount of available cooling.

An APU flight-type reference system was designed to meet NASA specifica-
tions and contained necessary propellant conditioning valves and heat exchangers,
combustor, fturbine and gearbox assembly, and an advanced design, electronic
propellant flow control system to provide 400-shp output to two hydraulic bpumds.
A design report, ref. 1, covers the design requirements and the solution *o
meet those requirements.

A test system also was designed to be a close-coupled experimental test
version of the reference system. Designated the APU-T, it incorporated all
significant reference system design features as wel!l as additional options to
be investigated and incliuded instrumentation to allow investigation and develop-
ment of the technology required fo develop a tlight-qualified APU design. Many
components were flight-type, which had appropriate dynamic characteristics
and received sufficient evaluation to provide reasonable assurance of being
qualified for flight application with some modification. The test system
assembly was packaged with emphasis on accessibility. Special features were
added to the control for turbine calibration and system development. In
addition, some cost-saving modifications that would not affect the technica!
ob jectives were made.

This report covers the final reference system design, but is principally
concerned with the test results of the APU-T system that was tested both at
ambient pressure and space simulation.



REFERENCE SYSTEM

Reference System Description

The reference system (see fig. 1) consists of a propellant feed and
conditioning subsystem, turbopower subsystem, and control subsystem, The
propellant feed and conditioning subsystem begins at the outlet of the high-
pressure propellant tanks and contains al! heat exchangers and the combustor.
The turbopower subsystem contains a two-stage partial-admission pressure-
modu lated 430-hp turbine, a zero- to 4~g lubrication system, and a zero-g
gearbox with multiple output pads to accommodate two hydraulic pumps and an
alternator. The control subsystem contains the electronics required to control
primary system functions as well as secondary functions incident to system
operation and safety and the valves required for control.

The cold hydrogen is first heated in a hydrogen preheater by hydrogen from
the recuperator. Secondly, it flows through a regenerator where it receives
heat from the reentrant hydrogen flow that has been the sink for hydraulic
pump case drain waste heat. Qut of the regenerater both hydrogen streams are
now between 400 and 460 R, controlled by the preheater bypass loop. One
stream flows through the hydraulic cooler; the other through the lube cooler
and the recuperator. The last pass is through the hydrogen-oxygen temperature
equalizer where the oxygen is conditioned to be close to the hydrogen tempera-
ture. Except for the flow bypasses, one around the recuperator, the other
around the preheater that act as flow dividers, the hydrogen describes a single
path through the propellant conditioning system.

The preheater bypass loop flow is controlled to maintain the lube oil
temperature below the maximum permissibie operating temperature, but above the
congealing temperature, and preferably in the range between 650 and 700 R. As
shown on the temperature schedule (inset in fig. 1), when the lube oil temper -
ature is 650 R, the hydrogen temperature out of the first preheater pass will
be controlied by an appropriate preheater bypass flow rate to 460 R. As the
fube oil temperature increases (usually at low power output), the hydrogen
temperature will be controlled down to 400 R (but not lower, to avoid local
congealing).

The preheater bypass loop flow increases with higher hydraulic and |ube
cooler heat loads. |In those cases, most of the preheating will occur in the
regenerator. The bypass flow also will increase with increasing hydrogen
fluid temperatures. This is the case with a thermally pressurized super-
critical tank supply.

The recuperator bypass loop flow is controlled by the hydrogen temperature
downstream of the temperature equalizer, attempting to maintain 750 R combustor
inlet. At nigh power levels, the engine operates more efficiently and insuf-
ficient heat is available in the recuperator to attain this temperature even
at zero bypass. Computer simulation shows, however, that with 55 R hydrogen
inlet and full power, combustor inlet temperature will be no lower than 680 R.
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Each bypass loop is controlled by a three-way modulating valve. The two
valves are electronically coupled in the control to prevent undesirable
interaction.

Two redundant pressure regulators are employed in the oxygen circuit, since
a single one sticking open may result in an overtemperature. They are both
tocated downstream of the temperature equalizer in order to maintain super-
critical pressure and avoid two-phase flow in the equalizer. An accumulator is
located downstream of the regulators in order to provide more equal stiffness
in the hydrogen and oxygen contro! system, compensating for a somewhat sl!ow
pressure regulator response (100 msec). "A shutoff valve is located between
the combustor and the control valve. Retention of oxygen at approximately
500 psig between the two valves effectively prevents backflow. The hydrogen and
oxygen control valves are electrically linked in the control. An exciter is used
fo energize the combustor spark plug during start and whenever the turbine tem-
perature is below 900 R, the set point, and the system is turned on. The com-
bustor delivers hydrogen-rich combustion products to the turbopower subsystem.

The turbine is a fwo-stage supersonic axial=f!low design. The design speed
is 63 000 rpm with a turbine inlet temperature (TIT) of 1960 R using V=57 alloy
Turbine wheels. (The test system turbine is designed so that it can be retro-
fitted with Astroloy wheels and operated at 70 000 rpm and 2060 R TIT.

The electronic control functions can be divided into primary and secondary.
The primary contro! functions are to hold the TIT, rpm, and equalizer outlet
temperature constant by modutation of the hydrogen bypass and control valves,
The secondary control! functions are start-and-stop sequences, overspeed (rpm)
and overtemperature (TIT) limits. It also effects automatic shutdown when
lube pressure and temperature limit bands are exceeded; hydrogen supply
pressure is too low; when the difference between the temperature and over-
temperature thermocouple exceeds the specified band; and when an overspeed is
sensed. The system specifications are summarized in table 1.



TABLE 1

SUMMARY OF SYSTEM SEPCIFICATIONS

Peak power
Minimum power

Qutput pads
Turbine speed

Turbine inlet fempéra*ure
Hydrogen inlet temperature to APU
Hydrogen inliet pressure
Oxygen inlet temperature to APU
Oxygen intet pressure
Design life

Cooling capability at 400 hp (heat
sink for hydraulic system)

Potential cooling with integrated
tank pressurization 400 hp

Estimated dry weight

400-hp gearbox shaft output
O-hp‘gearbox shaft 0ufpu+

2 pump pads at 5000 rpm
1 generator pad at 12 000 rpm

63 000 rpm +1 percent steady state,
+5 percent transient

1960 R

55 to 560 R

575 psia

275 to 560 R

900 psia

1000 hr hot operation (900 cycles)
and 2000 hr on inert gas checkout

(600 cycles)

5000 Btu/min
15 000 Btu/min

280 b




DESCRIPTION OF APU-T
APU-T

The APU-T is a close-coupled experimental test version of the reference
system and is schematically the same as the reference system to allow the
investigation and demonstration of the technology required for a flight-type
APU. Specia! design features and control options are included.

Provisions in the controller permit operation at moderate rpm, T!T, and
combustor pressure. The capability to improve system efficiency by increasing
the combustor inlet temperature from 750 to 900 R also is provided. The APU-T
system is protected through automatic shutdown in the event control values are
exceeded or component failures occur that are not critical or would not cause
shutdown of the flight system.

The APU-T (see fig. 2) utilizes flight-typed components except as listed
b= low:

(1) The turbine bearing seal is a labyrinth seal with externally
supplied nitrogen buffer gas. To avoid seal devalopment, the
flight-type face seal was not used.

(2) An external lube oil pump supplies the turbine and gearbox.

(3) Provision to prevent heat soakback at shutdown is included in the
reference turbine design, but the devel!opment of a heat sink/
barrier was not carried through into the APU-T turbine. Instead,
the APU-T lubricant flow is from an external source and can be
maintained after shutdown.

(4) The gearbox is not designed for zero-g flight capability, is not
flight weight, and has two pump pads, but no alternator pad.

(5) The recuperator is designed for ground test in which internal
pressure is reduced to vacuum and the external pressure is ambient.

The APU~T components generate energy losses and these are partially
recovered in the heat exchangers with some losses occurring because of radia-
tion and convection, as illystrated in fig. 3. The concept of the recuperator
is depicted where turbine exhaust energy is utilized in the cycle hydrogen
flow as a means of cooling component heat loads. The operation of the APU-T
test system is identical to the reference system with the hydrogen inlet

dF light-type components are similar in size, weight, and dynamic characteris-
tics and have received sufficient evaluation to provide reasonable assurance
that they are capable of being qualified for the required flight application
with only minor modifications.
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temperature to the combustor controlled fo 750 R and the hydrogen inlet
temperature to the hydraulic oil cooler controlled to 460 R. Additionally,
turbine speed is controlled to 63 000 rpm with a TIT of 1960 R.

The APU-T shown in fig. 4 is packaged for ease of component and instru-
~mentation accessibility and installation, without strict regard to weight
and volume. The confroller is not included in the package because it is
located in the control room and is connected to the APU-T by an umbilical
cable.

The APU-T assembly is composed of the following Two major subassemp i ies:

(1) Turbine-gearbox-pump assembly, which contains the combustor and oxygen
flow control valve, the oxygen shutoff valve and accumulator, and the
oxygen regulators. All of these components are mounted on the gear-
box support structure.

(2) The heat exchangek assembly, which includes all heat exchangers and
bypass valves, and a separate support structure.

The above two subassemb!ies were combined into the compleTe APU-T by brazing
three interface joints: the oxygen line, the hydrogen jine, and the turbine
exhaust duct.

The entire assembly mounts on a base structure serving as both a test stand
and a structure to support the assembly during transit and handling by forklift.
Joints in the hydrogen and oxygen circuits in the entire APU-T are welded
or brazed. Some mechanically sealed joints exist in the turbine, valves, and
certain instrumentation connections. Two hydroformed bellows are used in the
duct between the turbine discharge and the recuperator to allow for therma!
expansion. All other piping expansions are compensated by loops and bends in
the piping. Each heat exchanger is mounted by a single fixed point, with ofher
support points flexible to allow for expansion. All components are mounted for
a 1-g, '-direction environment. The APU-T components and piping are located so
+nat there is adequate access for instrumentation. Descriptions of the test
setup and instrumentation are in a subsequent section, APU-T System Tests.

APU-T Propellant Feed and Conditioning Subsystem

Combustor.~=The hydrogen=-oxygen combustor delivers a controlled flow of
hot gas to the turbine at uniform temperature and pressure as demanded by the
APU system power level. |t uses inputs of gaseous hydrogen and oxygen condi-
+ioned by the APU system heat exchangers. The combustor was designed to
provide efficient combustion of fuel-rich gaseous hydrogen-oxygen mixtures

for the following requirements:
(1) Good mixing within a short distance

(2) wWall temperatures compatible with common high-temperature
structural materials

(3) Operation over a turndown ratio of at least 10:1

11
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(4) Operation over an oxidizer-to-fuel ratio range of 0.4 to 0.9

(5) Reliable ignition at startup
(6) Capability of immediate retight in the event of flameout

These requirements were met with a prototype combustor (fig. 5) built in
several pieces and bolted together to faci litate examination, modification,
and assembly. Results of combustor testing were reported (ref. 1). Ffor com-
pleteness, the prototype design and test résults are summarized in this section,

723276

Sigure 5.--Hydrogen-Oxygen Combustor (Pré+o+ype Test Unit).

The APU~T combustor design is shown in fig. 6. Oxygen is fed info an
annular manifold in the head of the combustor surrounding the spark plug

cavity; tnen it is metered through eight nozzles that are arranged in a
circle in the injector head and that discharge paral lel to the combustor
axis. - A ninth oxygen passage leads from the oxygen manifoid to the spark

plug cavity. -
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Figure 6.--Sectiona! View of the APU-T Hydrogen-0Oxygen Combustor.

Hydrogen is fed into a larger annular manifold in the combustor head
immediately downstream of the oxygen manifold. 'From there, approximately 40
percent of the flow is directed into the cooling jacket (described later) and
the remaining 60 percent passes through the eight annular openings that surround
the oxygen jets. Thus, the combustor burner has eight annular hydrogen-oxygen
jets with the hydrogen on the outside. The oxygen is completely consumed befcre
it can contact any hot metal parts.

The combusted gas mixture resulting from the main burner has a mixed tem-
perature of approximately 2650 R, which is too high to be al!owed to contact
uncooled walls. Therefore, the combustion chamber is surrounded by a copper
liner that has an extended heat transfer surface of expanded metal fins brazed
on its o.d. The previously mentioned cooling hydrogen flows past these fins
and maintains an allowable wall temperature on the copper liner. After the
cooling hydrogen has passed through the fins, it is injected into the combusted
gas stream to provide additional mixing and further cooling.

This type of combustor is inherently capable of operation over wide pres-
sure and oxidizer-to-fuel ratio ranges. The combustion zones are identical
in principle to the common gas burner Jet except that the oxidizer is the inner
Jjet in this combustor. The length of the jet increases as the oxidizer-to-fuel
ratio range is increased, just as a gas stove jet increases when the gas (inner
Jet) flow Is increased. Chamber pressure has no effect upon the length of the
Jet, so combustor operation essentially is independent of chamber pressure
throughout the desired region of operation.
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The combustor is made entirely of type-347 corrosion-resistant steel
except for the copper |iner assembly. The prototype test unit, built in
several pieces and bolted together, was reworked to the design as shown in
fig. 6 and welded together so the combustor body -and manifold were a one-piece
assembiy. In the APU-T system performance tests, the combustor temperature
was controlled to a fixed value of 1960 R.

On startup, ignition was obtained from a spark plug in-which oxygen gas
was fed through the annulus between the electrode insulator and the spark p'ug
body into the combustor. The oxygen was ionized by the spark causing the jet
issuing from the spark plug to ignite and form a pilo?Y light for the remaining
jets in the combustor during startup. The spark was terminated when the
+turbine inlet temperature reached 900 R.

During APU-T system tests, problems occurred with this igniftion design.
Essentially, the combustor spark plug and the threaded area around the plug
exper ienced damage during initial tests. |t was concluded that the spark plug
was breathing hot products of combustion because of combustor pressure fluctua-
tions. The electrode end of the plug became hot enough fo initiate a fire fed
by the oxygen supplied to The plug. Thus, the combustor design was modified
to that shown in fig. 7 so that a separate tube fed oxygen to the spark plug
rather than the combustor oxygen manifold. Also, two valves were used to
sequence gaseous oxygen or hydrogen to the spark plug. A short gaseous nitro-
gen purge separated the flow of gaseous hydrogen and oxygen. Gaseous oxygen
was injected during lightoff and then gaseous hydrogen was injected through
the spark plug to cool it and prevent it from breathing hot combustion products.

g E/Externel 0y line

. Sparkplug oxygen
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“ydrcgen iniet
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injector (typ 8 piaces) i 1
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~ani fclc §-5u911

Figure 7.--Sectional View of the Modified APU-T Hydrogen-Oxygen Combustor.



Spark plug tip melting reoccurred near the end of APU-T system tests after
about 9 hr successful operation with the modified design of fig. 7. A design
mddification was made and is shown -in fig. 67. The test program was terminated
before the validity of this solution described in the section, Analysis of Test
Results, Combustor, could be demenstrated. :

The Hp-07 ignition system, which provides spark plug ignition of +the com-
bustor, is shown in tig. 8. The ignition unit consists of a commercial capacitive
discharge ignition system Cycled by a multivibrator angd controlied from the Ha=Cp
APU-T controlier. The ignition current to the spark plug is sensed using an
irduction coil around the nigh tension lead and the signal provides an input to
the Hz=-02 APU-T controller to confirm sparking.

The ignition system is cycled at a rate of 30 Hz and is powered from a
12=-¥dc supply, 5-A maximum. Typical open circuit secondary voltage at 30 Hz
is 50 000 V. The capacitive discharge unit is of solid-state construction using
silicon controlled rectifier (SCR) switching.

APU-T “|tgnition unit 12 vde
controller [ T
__-Free-rﬁnning Delta mark 10
multivibrator %~ |capacitive dischl—
0-Hz rate ignition system
-3 5
lgnition
coil
(=== === = n
Rectifier L) (] o q
Igniticn
e == -~ - current
sensor =

o

Spark plug

5-3704021

Figure 8.--Hy=0, APU-T Igniter Schematic,
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System heat exchangers.--Six heat exchangers are used in the Subsystem
Hp-02 APU: the lubricating oil and hydraulic coolers, the preheater and the
regenerator, the recuperator, and the equalizer. Becasue of economic con-
siderations, the lubricating and hydraulic oil coolers are identical, and the
preheater and the regenerator are identical. The heat exchangers (fig. 9)
are designed for 1000 start-stop cycles, with the heat transfer design points
described below.

~ Lubricating and hydraulic oil cooler: The lubricating and hydraulic oil
coolers cool the lubricating and hydraulic oil with hydrogen which has been
conditioned fo acceptable temperatures by fthe preheater and the regenerator.
The heat transfer design point for the cooler is shown in table 2. '

_ The lube/hydraulic cooler is a tube and shell mulfipéss crossfliow heat
exchanger. In both applications, the overall flow direction is counterflow.

The hydrogen inside the tubes makes a single pass through the heat exchanger
and the shell side fluid flows across the tube bundle four fimes.

TABLE 2

LUBE/4YDRAUL IC COOLER HEAT TRANSFER DESIGN POINT

Cold side Hot side
Fluid ' Hydrogen MIL~H-83282
Flow rate, (b/min 1.026 52
Inlet femperafuré, R 400 775
Jdutlet fempérafure, R 758 733
Inlet pressure, psia . 600 200
Core pressure drop, psid 0.098 1.70
Effectiveness 0.953 0.112
Duct diameter, in. 1.0 1.0
Total heat fransferred, Btu/min 1282
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Preheater and regenerator: A single heat exchanger design is used for
the preheater and regenerator applications. The preheater warms up The cryogenic
hydrogen to an acceptable temperature so that, after passing through the regen-
erator, the hydrogen represents an acceptable heat sink for the hydraulic oil.
The heat source for the preheater is hot hydrogen from the recuperator. The
regenerator cools the hydrogen after it has absorbed the hydraulic heat load
so it is at a suitable temperature to coo! the lube oil. The heat sink in the
regenerator is the hydrogen outlet from the preheater. The heat transfer design
point for the preheater/regenerator design is the regenerator operating condition
shown in table 3.

The preheater/regenerator is a *tube and shell multipass crossfiow heet
exchanger. In the preheater configuration, the overall flow direction is counter-
flow, whereas in the regenerator application, the unit is operated in parallel
flow. The hydrogen inside the tubes makes a single pass fthrough the heat
exchanger, and the shell side hydrogen flows across the tube bundle six times.

One header plate is fixed, and the other incorporates a sliding joint that
eliminates thermal expansion problems.

TABLE 3

PREHEATER/REGENERATOR HEAT TRANSFER DESIGN POINT

Coid Side Hot Side
Fluid ’ Hydrogen Hyarogen
Flow rate, Ib/min 1.026 1.026
Iniet temperature, R 88 755
Qutlet temperature, R 400 420
Inlet pressure, psid 600 600
Core pressure drop, psid 0.0756 0.0867
Effectiveness 0.468 0.502
Duct diameter, in. 1.0 1.0
Total heat fransferred, Btu/min 1237

19



Temperature equalizer: The hydrogen-oxygen temperature equalizer functions
to bring the temperature of the two propellant flows to nearly the same level
at the inlet to the propellant flow control valves so that the turndown rate is
reduced, thereby facilitating system control. A vented buffer zone is provided
between fthe hydrogen and oxygen passages, thus precluding mixing of the two
fluids in the unlikely event of a leak in one of the fluid passages. The heat
transfer design point for the temperature equalizer is shown in table-4.

The temperature equalizer is an annular plate fin heat exchanger. Three
concentric finned passages are provided. The inner passage carries the oxygen,
and the cuter the hydrogen. The middle passage separates the two fluids and
is vented, thus providing a buffer zone between the *wo highty reactive fluids.
The heat exchanger is constructed of stainless steel except for the heat transfer
fins, which are copper. This fin material was selected from thermal performance
cptimization considerations.

TABLE 4

TEMPERATURE/EQUAL I ZER HEAT TRANSFER DESIGN POINT

Cold side Hot sige
Fluid Oxygen Hydrogen
Flow rats, Ib/min 6.034 8.422
Inlet temperature, R 300 708
Jutlet temperature, R 662 689
Inlet pressure, psia 575 507
Core pressure drop, psid 1.50 8.16
Duct diameter, in. 0.5 : 1.0
Total heat transferred, Btu/min 569

20



Subsystem recuperator: The recuperator operates with hydrogen on the cold
side and turbine exhaust gas on the hot side. 1t provides sufficient heat input
into the cycle for propel!lant thermal conditioning and improves cycle thermal
efficiency by recovering waste heat from the turbine exhaust. The design point
for the recuperator (tabie 5) was established by system analysis.

The recuperator is a box and U-tube design. The exhaust gas from the
turbine flows in a single pass through the shell side of the heat exchanger.
This minimizes the pressure drop in the exhaust gas stream. The hydrogen flows
in cross counterflow through the tubes of the unit. This flow arrangement
allows the box structure to be lightly pressure-loaded by the exhaust gas and
+he high pressure hydrogen is contained within the tubes of the heat exchanger.

TABLE 5

RECUPERATOR DESIGN POINT

Cold side Hot side

Fluid Hydrogen Hydrogen-steam

(60-40 by mass)
Filow rate, lo/min 8.43 14.47
Inlet femperafure, R 503 A 1366
Outiet ?emberafure. R 122 7352
Inlet pressure, psia 600 16.8
Core pressure drop, psid 1.8 1.86
Effectiveness 0.717 0.673
Duct diameter, in. ) 1.0 4.0
Total heat transferred, Btu/min 18 059

Minimun allowable outlet temperature = 700 R
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APU-T Turbopower Subsystem

Turbine.--The turbine for the -T system and the reference system is a
two-stage, pressure-compounded, axial-impulse turbine rated at approximately
430 shp at 63 000 rpm, Aerodynamically, both designs are identical, with the
APU-T turbine mechanical design simplified to eliminate a development effort
and increased cost. The significant design features of the APU-T turbine are
discussed below.

The pertinent physical and design characteristics of the turbine are sum-
marized in table 6. Expansion through the turbine occurs with partial=-admission
supersonic stages. ‘

The hot gas from combustion of hydrogen and oxygen expands tnrough the
six axisymmetric first-stage nozzles into the first rotor blades (fig. 10a).
Leaving the first-stage wheel, the gas enters an interstage plenum prior to
expansion through 24 two-dimensional, second-stage nozzle channels, At the
second-stage nozzle entrance, the gas is at an intermediate pressure and
expands to the outlet pressure level before flowing through the blades of the
second-stage wheel (fig. 10b). After leaving the second-stage wheel, the gas
enters the discharge plenum through a channel, thus providing some diffusion
recovery of the rotationa! energy in the medium.

TABLE 6

TURBINE DESIGN PARAMETERS

First Stage Second Stage
Effective nozzle throat area, sa in. 0.1517 0.6300
Nozzle exit area, sg in. 0.2335 0.6930
Nozzle type Axisymmetric Two-dimensional
Ne. of nozzles 6 24
Admission, percent 29 60
Bucket height, in. 0.265 0.330
Axial chord length, in. 0.350 0.350
No. of blades 85 85
Pitch diameter, in. 5.566 5.631
Nozzle angle, deg 16.0 16.0
Bucket inlet angle, deg 23.0 23.0
Bucket exit angle, deg 21.7 21.7
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a. First-stage turbine wheel 5. Second-stage turbine wheel

Figure 10.--First-and Second-5tage Turbine Wheels.

The mechanical design of fhe turbine included consideration of the turbine
aerodynamics, thermal management, stress analysis, and metallurgical problems,
all of which influenced tne fina! configuration. Important paramsters influenc-
ing the mechanical design were close tip clearance (0.010 in.), use of a
hydrogen-rich working fluid, avoidance ot nheat soakback after shutdown, and
long-life requirements including many starts and stops.

It was initially intended tnat the APU-T turbine would be the same as the
reference system turbine, but because of budgetary problems and the desire to
avoid a development effort, the APU-T furbine mechanical design was simplified.
The resulting design is illustrated in figs. 11 and 12. The APU-T turbine
‘major design changes from the reference system turbine were a change in the
turbine bearing seal and ramoval of the heat soakback tnermal barrier.

Zarly in *the design of the reference system turbine, fhe use of carbon-face-
type seals was considered to prevent oil from leaking into the turbine cavity.
This face seal would have required a normal development with extensive turbine
testing and severa! assembly-disassembly cycles. 3ecause of the development
~osts involved, this type bearing seal was replaced with a labyrinth seal pres-
surized by nitrogen gas for the APU-T turbine. In the APU-T tests, nitrogen
buffer gas was introduced under pressure in the center of the labyrinth seatl,
and i+s flow in both girections prevented oil from leaking to fhe outside and
hycdrogen-water vapor mixture from entering fhe bear ing cavity.
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Figure 11.--Turbine Supporting Structure.
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In the reference system turbine design a thermal isolation package limits
The post-shutdown heat soakback from the turbine to the bearing cartridge.
This package would have required some additiona! normal development. Because
the APU-T turbine lubricant flow from an external source could be maintained
after shutdown, the thermal barrier was removed.

In the mechanical design of the turbine, the tirst-stage turbine wheel is
nmounted to the second-stage wheel, and the two are attached to the shaft by
four studs. Centering and power transmission is accomp lished by curvic couplings,
The four studs are loaded in tension. Each nut is supported by the turbine
wheel, thus preventing loading of the stud end caused by centrifugal force.
Lands on the studs provide support for the stud in the wheel during rotation.

The spline coupling, bearing, and bearing spacer are heid in place by a
center tie bolt loaded in tension, which stiffens the rotating assembly. In
this way, the shaft effective diameter in bending is increased to approximately
that of the ball bearing inner race.

Tne two turbine wheels, the four studs and nuts, and the shaft are made
of CRES V-57 steel, a modified CRES A286. The central tie-bolt material is
INCO 718 stressed to about 126 000 psi. To profect it from the hydrogen
environment, a cap is welded to the shaft end. Both ball bearings are made
of M-50 tool steel and have a silver-plated 4340 steel separator.

The turbine assembly is supported from the gearbox by a support housing,
which is attacheo to the gearbox housing by a flange and 12 0.25~in.-dia bol+s.
The bearing carrier is bolted to the support housing by six 10/32-in. screws.
Shims are provided between the bearing carrier and support housing to adjust
the axial clearance between the first-stage turbine and nozzle. The support
housing is bolted to the containment ring, which reaches through *he hoies in
The turbine outlet torus by means of six lugs. Recause the containment ring
is cooler, it is used to provide support and guidance for the turbine housing.
The hot turbine housing is supported from the containment ring by 12 radial
pins. These pins permit radial growth of the turbine housing and at the same
time maintain the concentricity of the hot turbine housing relative to the
containment ring and the rotating assembly. Because the turbine housing
expands and contracts with temperature, all connections between it and any
cooler structure must have flexibility.

In addition to the allowance for radial dimensional changes between parts,
provision is made for their free axial growth. The radial pins in the contain-
ment ring establish the axial location for the inlet torus and leave the turbine
outlet torus free to move. When this occurs, leakage of exhaust products is
prevented by a double piston ring expansion joint. The nitrogen buffer gas
used for the labyrinth shaft seal also is directed into the space between the
two piston rings. The nitrogen gas pressure is higher than the ambient andg
nigher than hydrogen outlet pressure, so nitrogen will flow outward in both
directions and prevent leakage of hydrogen to the atmosphere.

To prevent a2 localized hot area in the tirst-stage nozzle torus, the hot
gas from the combustor is introduced tangentially (fig. 13) downstream just

25



beyond the last drilled nozzle. In this way, the hot gas must travel
circumferentially almost 170-deg before entering the first nozzle, providing
uniform heating of the nozzle torus. A similar feature is built into the
second-stage nozzle assembly. The annulus between the inlet of the second-
stage nozzle and the discharge of the first-stage turbine wheel permits

circulation ot hot gas.

Stationary segments installed over the turbine blade tips (segmented to
provide for expansion) are fitted on the inner diameter with an abradable
material that will wear readily if fouched by the rotating turbine blades.

In the same way, the three labyrinth seal stators will wear to establish a
running clearance with the rotor. The stator of the shaft labyrinth is lined
with bronze while the two turbine seals are made of 1/32 cell-size stainless

steel honeycomb.

The rotating assembly is built up as a separate cartridge that can be
installed or removed from the turbine housing. The second-stage nozzle ring
is trapped between the two turbine wheels, and it is supported for balancing
from the bearing carrier by a special assembly fixture. This fixture prevents
damage to the intermediate labyrinth seal. The rotating assembly is dynamically
balanced outside the turbine in a special balancing fixture.

The ball pearings selected for the APU are 205-size angular-contact-type
with relieved inner ring and outer land riding machined separator. The material
is M-50 for the balls and rings and silver-plated steel for the ball separator.
The nominal DN number is 1.575 x 106, The bearings are lubricated by directed

Figure 13.-=-First=-Stage Nozzle Housing.



flow from an oil jet and cooled by the same lubricating oil and also by the
oil flowing under the bearing cores through slots cut on the shaft.

Gearbox and lubrication.~~The APU-T gearbox was not designed for zero-g
flight capability and was provided with two pump drive pads, but no alternator
pad. It used many existing components to minimize tooling cost, because
demonstration of the gearbox component was not necessary for the attainment of
program ob jectives. The gear train deslign of aircraft-type gearing (manufactured
for the Lockheed SST-ECS compressor) was utllized because it had been designed
and tested to operate at comparable input speeds and horsepower.

The APU-T gearbox had the following design requirements:
(1) Two output pads for hydraulic pumps (5000 rpm)

(2) Input pad for the rotating assembly (63 000 rpm)
(3) Lubrication system suitable for laboratory unit

In addition, the size of the two ABEX hydraulic pumps dictated the center spacing
of the two output gears. The output power from the gearbox was 400 hp.

The APU-T gearbox is a conventlional two-stage reduction design and detailed
drawings can be found in ref. 1.

The first-stage speed reduction (fig. 14) comprises an 18-tooth pinion,
three 54-tooth planet gears with carrier, and a 126-tooth ring gear. This com-
bination provides a reduction of 7:1, or an output speed of 9000 rpm. The carrier
supporting the planet gears is nonrotating. An arrangement of a cluster of three
planets around the pinlon reduces the load on the pinion gear teeth and the
radial loads on the pinion bearings. The pinfon is supported by two ball bear-
ings, preloaded in one direction by a coil spring. A quill shaft transmits
the torque from the turbine to internal splines in the pinion. The torque from
the pinion is divided between three planet gears that rotate on bushings about
fixed pins in the carrier. The planet gears also engage the ring gear, made
somewhat flexible by its small radial thickness and its external spline connec-
tion to the ring gear hub. Flexibility of the ring gear compensates for
inaccuracies in the gear sysfem, assuring more equal load sharing between the
three planet gears.

The ring gear hub Is pinned to the 9000-rpm pinion and held axially by
a lfocknut on the énd of the shaft. Torque from this gear is split equally
between the two mating gears, and the speed is reduced to an output rpm of 5000
by the tooth ratio of 53:95. By placing of the two output gears symmetrically
about the.pinion, the load on the pinion bearings becomes negligible. The two
shatts of the output gears are provided with internal splines for coupling to
two ABEX hydraulic pumps.

As shown in fig. 14, the housing for the gearbox is made of two slabs
of aluminum jointed together on the vertical face. All bearings are installed
in steel bushings that are bolted and shrunk in the aluminum housing and |ine-
bored in place. The steel planet carrier Is attached to the turbine side
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aluminum housing and becomes the basis for the location of the other bearings.
It carries the high-speed planet bearings and provides support for one of the
3000-rpm pinion bearings.

The gearbox and the turbine are iubricated by an external oil supply
distributed to the gears and bearings as shown in tig. 15. 0il to the high=-
speed furbine bearings is supplied from the gearbox and enters the turbine
bearing carrier via a coupling tube. In the turbine bearing carrier, one jet
lubricates each bearing, and the oil is returned to the sump Dy means of an
oil slinger. 0il for cooling the turbine bearings enters the tube shown at
the left of fig. 15, flows through the tube shown at the left, and flows
through the tube inside the 9000-rpm hollow pinion shaft to the high=-speed
pinion, where it jets into the hollow quill shaft. From the quill shaft, the
oil enters the turbine shaft and flows through axial grooves under the two pall
bearings and bali bearing spacer to the slinger, where it is pumped out and
into the pump. QJil jets within the gearbox are provided for lubricating the
63 000-rpm pinion, the 9000-rpm gear, and the two bearings supporting this
gear. The rest of the bearing and gears are splash-lubricated. The planet
bushings are lubricated by internal passages in the planet carrier that feed
oil to the three stationary pins.

The two ABEX hydraulic pumps are attached at the gearbox using standard
accessory pads. To prevent oil from leaking into the pad cavity, each shaft
is titted with a carbon-face-type seal.

Hydraulic pumps.--The hydraulic pumps designated for the HZ'OZ APU
system were the Abex Model AP27V-3-02 series, in-line, axial-piston pressure-
compensated, variable-delivery design. The pumps included a solencid valve
added to their port cap to provide depressurization.

For this Abex AP27V-series-type pump, the pistons are actuated by a
variapble lift cam. The cam angle that. controls piston stroke is varied by a
pressure compensated stroking piston. The compensator uses a pressure sensor
and a three-way slide valve to control pressure to the cam angle control piston.
The pressure compensator regulates outlet pressure within a small band for
varying demand flow rates.

The axial thrust of the piston against the cam plate during compression
stroke is balanced hydraulically. Positive piston hold-down is provided by a
hold-down plate, retainer, thrust bearing and hold-down nut. They serve to main-
tain a preset clearance between the piston shoes and cam face for starting and
with overrunning loads. Depressurization is accomplished by porting pressure
from ‘the outlet port directly to the stroking piston, bypassing the compensator.

Pertinent design characteristics of the pumps are summarized below:

Type: Abex Model AP27V-3-02

Theoretical displacement: 4.0 cipr (max.)

Speed: 5020 rpm
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Maximum delivery at 5020 rpm: 80 gpm at 3750 psig
Fluid: MIL=-H-5606

wWeight: 30 Ib

Number of pistons: 9

Polar moment of inertia: 0.061 in.-Ib-sec?
Required inlet pressure: 60 psia

Hydraulic fluid temperature: 395 R to 700 R

During pump operation, the nine pistons reciprocate in the cylinder barrel.
As the barrel rotates, the pistons reciprocate within their bores, intaking
and discharging fluid through a stationary bearing surface on the port cap. The
stroking piston is stabilized by the three-way valve in the pressure compensator
at a position that provides a pump displacement consistent with system demand.

Prior to use in APU-T system tests, the two Abex AP27V-3-02 pumps were
calibrated at hydraulic fluid inlet temperatures of 560 R and 700 R. After
approximately 9 hr of APU-T tests, the pumps were damaged during a particular
test series as shown in a subsequent subsection, Summary of Conducted Tests,
The pumps were repaired and recalibrated. The data obtained prior to testing
and after pump repair is shown in figs. 16 and 17 for the SN 109670 and
SN 109671 pumps. The pumps delivered approximately 80 gpm for an input shaft
power of 200 hp prior to repair. After repair, the delivery of SN 109670
changed slightly, particularly at the higher horsepower inputs, to require
less input power for the same delivery.

The pump calibration data was used to determine test horsepower level from
measured hydraulic flow. The calculation procedure and pertinent equations used
in the data reduction of the APU-T system tests is outlined in Appendix A,

APU-T Control Subsystem

The control subsystem for the APU is an advanced electronic fuel propellant
control (fig. 18). The subsystem meters both the hydrogen and oxygen flow to

control turbine inlet temperature and turbine speed. It controls the hydrogen
temperatures for the lube and hydraulic oll coolers to prevent freezing either
the lube oil or the hydraulic oil. It provides temperature control of the

propellants flowing into the combustor. |t controls the startup and shutdown
sequence required for system operation. The elaborate monitoring system
detects faults, not only within the engine portion of the APU, but within

the controller itself and provides a safe, swift shutdown of the entire system
in the event of a malfunction.

The contro! subsystem comprises primary and secondary controls. The
primary controls are the dynamic control foops that position the Hy and 07
tlow control valves and the heat exchanger bypass valve used for propellant
Temperature control. The secondary controls are the logic circuitry required
for system startup, shutdown, and monitoring.
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Figure 18.--H9-02 APU Electronic Control.
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The breadboard control functions as a t1lght-type controller would, but
contains certain features desirable for development that would not be incor-
porated into a flight design. For example, the combustor pressure and
temperature, turbine speed, and equallzer outlet temperature can be adjusted
to various set points other than the design values. With various set points
there is great flexibility In Initijal testing. A number of the automatic
fail-sate shutdown provisions are included only for development of the APU.
Details of the control subsystem design can be found in ref. 1, The control
concept was veritied prior to system tests using a turbine simulator (analog).
Test results are summarized in Appendix A, Control Subsystem Tests, and the
testing resulted In a subsystem capable of .controliing the APU-T system.

Primary controls.==The primary controls, shown in fig. 19, include the
following:

(1) Turbine speed control
(2) Turbine temperature control
(3) Bypass controls

The logic of each of these controls is shown in the applicable partitions
of the block diagram (fig. 19). In operation, the turbine speed control compares
actual turbine speed with a reference speed, elther 20 000 or 63 000 rpm. The
20 000-rpm reference speed allows slow speed operation of the APU during initial
checkout and the 63 000-rpm reference speed provides the primary control during
normal operation. The turbine intet temperature control is cross-coupled with
the furbine speed control and controls the ratio of oxygen valve area to hydrogen
valve area. A speed change commands the hydrogen and oxygen valves to move
together, either both open or both closed, to maintain a constant temperature
in the combustor. At the same time, mass flow through the combustor is con-
trolled to provide the required APU power requlirements of the turbine. The
bypass controls are cross-coupied with the control of the hydrogen temperature
to the inlet of both the hydraulic oll cooler and combustor. With this network,
bypass flows can be adjusted to prevent freezing either hydraulic oil or lube
oil.

Turbine speed control: The speed control Is an integral control that is
compensated with various dynamic terms. The forward transfer function (fig. 19)
is the integrating control portion of the controller. The output of this
block comes into the lowest wins (that is, only the lowest value of several
outputs is used in the next control segment), which is compared with the power
demand out of the pressure control loop. A pressure control enables open | oop
operation of the turbine by controiling combustor pressure. A variable refer-
ence from 100 to 500 psig slowly accelerates the turbine to avoid overspeed.
The pressure control Is a stralght integral contro! loop. A reference pres-
sure of 500 psig is above maximum attainable combustor pressure. This moves
the pressure control loop into a regime where it does not affect the subsystem
control. In a production Hp-02 APU, the pressure control loop would not be
necessary.

-
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The output of the lowest wins is fed into a four-segment function generator
which is used to increase the gain of the loop as the control valve goes from
choked to subsonic flow. This allows the overall loop gain to remain approxi-
mately constant throughout the operating range of the APU. The output of the
function generator then feeds directiy into the hydrogen flow contro! valve
minor {oop. The minor loop is a positioning loop on the control valve enabl ing
taster total response for small contro! valve signals than wou!d otherwise be
possible. Therefore, the speed control primarily opens or closes the hydrogen
valve according to whether the speed is too .high or too low. It also cross-
couples into the turbine inlet temperature control, which -is also an integral
control.

Turbine inlet temperature control: The turbine inlet temperature control
is coupled with the speed control to maintain a constant temperature in the
combustor for various turbine power requirements. That is, with a change in
the position of the hydrogen flow control valve (as determined by the speed con-
tro!), the position of the oxygen flow control valve is changed simultaneous!y
to maintain essentially the same valve area ratio during the initial part of
the transient. Oxygen valve position subsequently is trimmed by the *urbine
inlet temperature control as required. The oxygen flow contro!l valve has a
positioning loop to provide faster closed loop response with smal! variations
and control position. In this way, close temperature control can be maintained
during a load transient using a temperature sensor with relatively slow response.
At the same time, the accuracy of a closed-loop control is obtained for steady-
state operation at any load condition essentially independent of ambient condi-
tions or propellant inlet temperature.

The control loop uses a lead-lag network in the feedback to compensate
for the slow response of the thermocouple and to provide stability for the
temperature control loop. The thermocouple is undercompensated at minimum
power, which results in a controlled gas temperature that is high when the
temperature of the thermocoupie is low. As the thermocouple approaches steady
state, the gas temperature also approaches steady state. The opposite occurs
at maximum power; a low thermocouple temperature results in low gas temperature.

Bypass controls: The bypass controls are separate from the turbine speed
and turbine inlet temperature controls. They consist of the T-32 temperature
control and the T-58 temperature control, which are, respectively, the control
ot the hydrogen temperature at the inlet of the hydraulic oil cooler and the
control of the hydrogen temperature as it enters the combustor. Both control
lcops are integral control loops with lead-lag feedback to compensate for the
time constants in the thermocouples and the output of the two integrators that
are fed into a cross-coupling network. There is a nondynamic cross=coupling
of the bypass and series valves to provide a minimum interaction between the
control loops at the expected crossover frequencies.

The cross-coupling network is designed so that the T-32 temperature con-
frol can fully open or fully close the preheater bypass valve, independent |y
ot the T-58 temperature control output setting. Conversely, the combustor
control can fully open or fully close the recuperator bypass valve independentiy
of the output of the hydraulic oil control integrator. Both of these control
loops are cross-coupled to provide an overall system that separates the vari-
ables. When the preheater bypass valve is repositioned, it not only changes
the temperature coming ocut of the preheater, and thus the temperature coming

L
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into the hydraulic oi! heat exchanger, but also the amount of temperature drop
that the hydrogen receives between the recuperator and the equalizer; therefore,
i+ affects the combustor inlet temperature. The same is frue of the recuperator
bypass. To decrease the amount of bypass around the recuperator, the hydrogen
temperature increases at the mixing point to raise the temperature going into
the preneater as well as into the equalizer and finally into the combustor.

The cross-coupling network thus handles the requirement of two temperature
controls and takes into account the interaction of both temperatures with a
change in either of the bypass valves. Both valves move in such a way that the
hydraulic oil inlet temperature is not affected by changes in the output of the
combustor inlet temperature control.

Secondary controls.--The startup and shutdown logic shown in fig. 20
is designed primarily to prevent an oxygen-rich mixture from passing over the
hot turbomachinery. This requires that the hydrogen shutoff valve open first,
After the hydrogen pressure is obtained and hydrogen flow is established, the
oxygen valve is opened.

For shutdown, the oxygen shutoff valve is closed. The signal that closes
the oxygen shutoff valve also reduces the command of the combustor pressure con=
trol to 50 psig. Interruption of the oxygen flow is detected by the turbine
iniet temperature sensor, and the hydrogen shutoff valve remains open until
the temperature of the overtemperature thermocoup le is below 900 R; S00 R is
used because the turbine inlet temperature control point can be selected as
low as. 960 R.

The startup and shutdown logic incorporates several subsystem interiocking
features and receives several monitoring inputs which assure a safe, smooth
start with minima! temperature perturbations at the combustor and the turbine.

If at startup all monitoring conditions are valid (no failures within the
system) and the startup switch is turned on, the hydrogen shutoff valve is
opened and hydrogen flows Into the hydrogen side of the propellant condition-
ing system. When the hydrogen pressure reaches 300 psig, a hydrogen under-
pressure switch (located after the equalizer and before the hydrogen flow
control valve) is closed, which allows the oxygen shutoff valve to sequence
open.

As this secondary control imposes the proper startup sequence, the
primary control opens the hydrogen flow control valve fully to bring the
turbine up.to speed. At the same time, the turbine inlet temperature is below
operating temperature, which would normal ly open the oxygen flow control valve
fully. However, to avold overtemperature of the combustor at startup, the
turbine inlet temperature confro!l at the output of the integrator is Iimited
in range to a 4-percent minimum and a variable maximum, which limits the oxygen
flow control valve area to 4 percent of the hydrogen flow control valve area
as long as the oxygen shutoff valve is closed. -That is, when the oxygen shut-
off valve is closed, both the minimum and maximum |imit ratios are 4 percent,
but when the oxygen shutoff valve is open, the upper Iimit on the ratio
increases exponentially to 22 percent. Exponential increase of the max i mum
limit ratio slowly increases the flow to the combustor and allows the sensing
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thermocoup le to reach the control point before an overtemperature occurs in

the combustor. As the combustor temperature comes up to the controi point, the
temperature control automatically takes over and slowly overrides ftne maximum
limit ratio. 1f a failure is detected or the start switch is turned off, the
valves close in an opposite sequence. First, the oxygen shutoft valve closes.
As the temperature drops in the combustor, the ftemperature confrol loop opens
the oxygen flow control valve, but the vaive is pulled back to the minimum
position because the oxygen shutoff valve has been closed. Also, in response
+o the drop in combustion temperature, the hydrogen flow control valve starts
+o open to maintain turbine speed, but when temperature in the combustor dropns
selow 900 R, a timer is started for the hydrogen shutoff valve. After 15 sec,
the hydrogen shutoff vaive is closed. At *that time, the hydrogen flow control
valve will start to open, trying to maintain the turbine speed. I% will continue
to open until it reaches the full open. point, at which time the turbine speed
will actually decrease and the turbine tnen will start its deceleration. The
15-sec delay before the hydrogen shutoff valve is closed permits nydrogen flow
+5 cool down the combustor and the turbine area. It was found during testing,
however, that with cryogenic propellant, this cooling down period affected

the APU adversely and should be eliminated with no cooldown period prior to
valve closure.

Monitor: The monitor philosophy of the APU system is fo monitor selectad
parameters and to initiate a normal shutdown upon detection of possible fail-
ure. The parameters were selected by weighing two factors: (1) the criticality
of the parameter, and (2) the ease of obtaining the data. Special sensors were
incorporated into the system to obtain independent measurement of the turbine
speed and the turbine inlet temperature. The difference in turbine inlet temp-
erature as measured by the two thermocouples is accomp [ished by the incorpora-
tion of an amplifier and two diodes. The approach has been to set the failure
limits conservatively with the hazard of unnecessary shutdowns. That is, the
system is shut down, and then the probliem is determined. The !imits for shut-
down are shown in fig. 20. |f one of the monitored parameters consistently
shuts down the system, the parameter (imit can be changed or the monitoring
of that particular point can be deleted.

Monitoring.functions: A block diagram of tne tailure monitoring is shown
below.

Input
) o —] .
signals Failure F—To shutdown logic
8——-— .
Monitor
& —»| .
Logic
A—= —= Fail indicator

The four input signals are defined as o, 3, 6§, and A. The nonfailure logic
levels are defined as:

>-8.0 A=2-1.0

™
v
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It any or all of these logic levels are exceeded for a period of 0.02 sec,
two logic signals are provided: one to energize the failure indicator and the
other as a signal to the shutdown logic.

The control system was mechanized with the control circuits scaled
electrically so that their dynamic operating range did not exceed the failure
monitor voltage limits. |In cases where this was not possible, the circuits
were bounded fto predetermined maximum amplitudes with (ow leakage zener diodes.
An example of this type of circuit is shown below.

- Vref

Nos

The failure monitor continuously monitors the input parameters for continuity
and level exceedance. Some of the monitored parameters are the turbine speed
monopoles, all ftnermocoupie inputs, and foss of position feedback signals.

Sensors: The three types of sensors used to provide information to the
controller are (1) speed, (2) temperature, and (3) pressure.

Two speed sensors are used. The first counts the passage of the 95 teeth
of the pump drive gear, which rotates at 5020 rpm, and provides a nomina!
7948-Hz signal to the controller for the primary speed control. A second
tdentical sensor is located so that it counts a 60-tooth disk on the turbine
shaft. It provides a nominal 63 000-Hz signal that is used to detect an over-
speed condition.

Four thermocouples are used to monitor gas temperatures in the system,
These thermocouples are of a special design to combine high response with
resistance to the effects of hot hydrogen gas and a vibratory environment.
The thermocouple joint is supported in a magnesium oxide insulation swaged
in an 0.032-in.-dia Inconel tube. This design provides a time constant of
approximately 0.2 to 0.4 sec, depending on the gas flow rates.

Two pressure switches are used to provide a switched signal to the con-
troller in the event of overpressure or underpressure in the lubrication system.
An overpressure condition could occur if the oil In the oil cooler congea led
sufficiently to block the flow. The underpressure switch checks if lube oil
is flowing.

An additional pressure switch detects hydrogen underpressure. When the

hydrogen pressure reaches 300 psig, the switch is closed allowing the oxygen
shutoff valve to sequence open. '
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Valves: The APU-T system valves include eight valves in the following
four configurations:

(1) Four lidentical hydrogen bypass valves
(2) Two identical oxygen pressure regulators
(3) A hydrogen flow control valve

(4) An oxygen flow control valve

All but the oxygen regqulators are controlled by electrical signals from the
APU-T controller. The valves were designed to conform to reference systenm
specifications as a minimum, but are not flight weight.

Oxygen pressure regulator: The oxygen regulator (fig. 21) function is to
requlate oxygen pressure at the inlet to the combustor,

In the oxygen pressure regulator, a ceramic ball-poppet valve is positioned
by a calibration spring and differential pressure acting on a bellows actuator.

The regulator normally is full-open. As downstream pressure reaches the
regulation band, the downstream pressure, which is vented to one side of the
bel lows actuator, overcomes an opposing load due to the calibration spring
plus ambient pressure acting on the other side of the actuator. The actuator
moves and allows a spring to move the ball poppet toward the closed position.
The balance of forces--downstream pressure on one side of the actuator and
the calibration spring and ambient pressure on the other--maintains the poppet
position required for regulation.

A port is provided on the top of the valve body for connecting the
regulator to ambient. |If oxygen internal leakage should occur, it would be
ducted overboard (to ambient).

Two identical regulators are connected in series, with the downstream
requlator set 50 psi higher than the other. The downstream unit, theretfore,
protects against an open failure of the prime unit without interfering with
normal regqulation.

Performance characteristics are as follows:

Working f!uid ' ' GOz -
Regulateéd outlet pressure, psig 350 + 25
Maximum flow, Ib/min (ref) 5.62
Intet pressure, psia ' ‘ 878
" Temperature, R . 663
Pressure drop, psid 3 ‘ 33
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Minimum flow, Ib/min (ref) A 0.454

Inlet pressure, psia 900
Temperature, R 7 . 750
Pressure drop, psid 335
Response time ' 100 ms from

min. to max.

Life 1000 hr

738112

Figure 21.--Oxygen Pressure Requlator.

Hydrogen bypass valve: The four identical hydrogen bypass valves (fig. 22)
in the system operate in response to electrical drive signals from the system
controller. Two of the valves control bypass flow around the recuperator, and
two of the valves control bypass flow around the preheater. The bypass flow
around these two heat exchangers is varied as required to control hydrogen
temperature at the combustor inlet and at the inlets to the hydraulic and lube
oil coolers.,

The valve modulates hydrogen flow by rotation of a circular flat plate in
the flow duct. The plate is attached to a shaft that is connected to the
torque motor. Application of current to the torque motor causes the valve to
move toward open. With increasing current, the valve will continue to open,
with the travel limited to 80 deg by a mechanical stop. In the closed position,
the valve does not seal leak-tight, '
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738146

Flgure 22.--Hydrogen Bypass Valve.

In the current APU-T, two valves are used for each of the heat exchanger
bypass circuits: one in series with the heat exchanger and one in parallel.
As one valve opens, the other closes. The two valves in each bypass loop are
linked electronically so they act |ike a three-way valve. The two valve sets
are also electronically coupled In the control to prevent undesirabie interaction.
in a flight=type design, each pair of valves would be replaced by a three-way
modu lating valve. ’

Per formance characteristics are as fol lows:

Working fluid GH»p
Maximum flow, Ib/min 7.83
Inlet bressure, psia - 541
Temperature, R- 520
Pressure drop, psid 0.8
Minimum flow, Ib/min 0.0288
intet pressure, psia 563
Temperature, R | » 550
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Pressure drop, psid 0.6

LVIOT resolution +0.5 percent
‘ of full scale

Response time 200 ms from
min.=-to-max.

Oxygen flow control valve: This valve (fig. 23) modu!ates oxygen flow to
the combustor in response to electrical control signals and maintains turbine
inlet temperature constant with varyina load and system conditions.

738143

Figure 23.--Oxygen Contro! Valve.

The basic components of the oxygen flow control valve are: (1) a dual-
poppet assembly, (2) a dc, dry-type, linear displacement torque motor
(Servotronics Part Number 99-D0201), and (3) an LVDT (Schaevitz Engineering
Type 050 MHR),

Electrical input signals from the control are fed +o the torque motor,
which is directly coupled to the dual poppet valve shaft. As torque motor
Ccurrent is increased from zero, the spring~loaded-closed poppet assembly Iis
displaced off its stop. This admits gaseous oxygen into the combustor. Gas
flow increases as current is increased until the flow reaches a maximum value
at the full open position of the dual poppets.

Poppet arrangement on a common shaft provides pressure force balancing

to minimize power requirements of the ac}ua#ing torque motor. Because of this
balance effect, the torque motor output directly drives the poppet assembly,
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Poppet position is fed back to the control circuitry by means of a
400-Hz LVOT. The LVDT case is attached to the valve case, and the movable
core is threaded to the poppet shaft. The position of the poppet thus is
registered within the control logic for control monitoring.

The torque motor assumes the closed valve position with zero electrical
current input. An additional magnetic closing force exists at the zero current
conditions. The separate poppet closing spring acts to force the poppets closed.
Thus, the oxygen control valve has redundant forces in the closing position in
the event of power loss,

The performance characteristics are as fol lows:

Working fluid ' G032
Maximum flow, lb/min (reference) o ‘ 6.62
inlet pressure, psia . ‘532
Temperature, R ' 663
Pressure drop, psid 61.8
Minimum flow, Ib/min (reference) 0.454
tnlet pressure, psia 570
Temperature, R 750
Pressure drop, psid 535
Pressure out, psia 34
LVDT resolution +0.5 percent

of full scale

Response time , 40 ms from
min,=-to-max.
condition

Life . 1000 hr

Hydrogen flow control valve: The hydrogen control valve modulates hydrogen
flow to the combustor in response to electrical control signals, and maintains
constant turbine speed under varying APU loads and system conditions.

The basic components of the hydrogen flow control valve are: (1) a
dual-poppet assembly, (2) a samarium cobalt dc motor (AiResearch PN 519033),
and (3) a linear variable displacement transformer (LVDT) (Schaevitz Engineering
Type 050 MHR). The valve has been designed to meet the requirements of the
hydrogen flow control valve specification. The control valve was originally
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designed with a torque motor, but the motor was undersized, and as a result,
the torque tube was subjected to high loads and was subject to cracking. The
development testing which led to the use of an electric motor drive can be
tound in Appendix A, Control Subsystem Tests. The electric motor~driven
hydrogen control valve (fig. 24) includes a slip clutch to prevent excessive
loads to the drive and a return spring which opens the valve upon.loss of
electrical power. ‘

Electrical input signals from the control are applied to the electric motor
drive, which is connected to one end of a pivoted lever. The opposite end of
the lever is attached to the poppet valve shaft on which dual poppets are mounted,

The normal {(deenergized) position of the electric motor output shaft is
held at the midstroke position of the motor by a return spring. This position
corresponds to the midstroke of the poppet valves. Upon application of polarized
current (corresponding to a close~valve signal) to the electric motor drive,
the valve poppets are forced against the poppet spring toward the closed pesi=
tion. As current is increased, poppet movement continues until the poppet shaft
is against a mechanical stop (valve nearly closed). As current is decreased,
the valve moves back foward the central position. A change in electric motor
polarity drives the poppets toward the full-open position. This motion is
assisted by the poppet spring.

|

L

5-88031

Figure 24 .--Layout Electric Motor=-Driven Hy Flow Valve.
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Poppet position is fed back to the contro! circuitry by means of a 400-4z
LVDOT. The LVDT case is attached to the valve case and the movable core is
threaded to the poppet shaft. The position of the poppet thus is registered
within the control logic for control monitoring.

Performance characteristics are as follows:

wWorking fluid GH,
Maximum flow, Ib/min (reference) 9.02
Inlet pressure, psia 506
Temperature, R 693
Pressure drop, psid 45.3
CA (reference), in.2 0.0950
Minimum flow, Ib/min (reference) 0.701
Inlet pressure, psia 575
Temperature, R 750
Pressure drop, psid 540
CA (reference), in.2 0.00400

LVDT resolution
Response time

Life

*0.5 percent
of full scale

40 ms from min.-
to-max. condition

1000 hr
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APU-T SYSTEM T=STS

Test Purpose and Data Obtained

The APU-T is an experimental test version of the APU system described in
the previous two sections. The system was designed to investigate and demon-
strate the new technology required for the tlight-type APU. The specific test
purposes were as follows:

(1) Develop and verify the operation of +he control subsystem,

(2) Develop and veritfy proper functioning of the various components in
the system environment,

(3) ODetermine the performance and operating characteristics of the over-
all system and system components under various transient and steady-
state load conditions.

(4) Develop and verify the validity of the computer simulator model.

Data were taken to determine the flow pressure and temperature entering and
leaving each process. Performance was calculated from digital data. Operating
characteristics were determined from digital data and oscillograph traces at
selected stations where transients were of interest. Overall performance wa¢
calculated from hydraulic and propellant flow measurements. Turbine shaft
power was calculated using hydraulic pump calibrations performed by the pump
manufacturer,

Test Facility Description

Testing of the APU-T system was accomp!ished at the AiResearch Mint Canyon
tacility in the !ayout shown in fig. 25. Photographs and schematics of the
APU-T system as it was installed in the facility are given in figs. 26 through
32. System components are listed in table 7. As reflected in the schematics,
the APU-T test system comprises the reactant circuits (fig. 27), reactant thermal
conditioning circuit (fig. 28), exhaust ejector system (fig. 28), power unit
circuit (fig. 29), the hydraulic load bank circuit (fig. 30), the ignition system
(fig. 31), the controller (fig. 32), and the data acquistion system, In all
significant aspects, these circuits are identical with those described for the
reference system. Descriptions supp fementing those of the reference system
fol low.

Reactant circuit.=-The reactant circuit is shown schematically in fig. 27.
As shown in the figure, the circuit includes gaseous hydrogen and oxygen supplies,
and liquid nitrogen and hydrogen supplies. In operation, the hydrogen tank was
filled from a 2500-psig tank trailer furnished by the hydrogen supplier. When
LH2 operation was required, the gas from the hydrogen tank, regulated to 560
psig, was cooled to LH; temperatures (*ypically 50 R). Cooling of the flow was
accomp | ished in two heat exchangers: the flow was precooled by LN2 in the first
exchanger and finally cooled to LHy temperature by LH2 in the second.
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Shlem

Y
LI L0z -1

View of hydraulic pumps in View of recuperator and exhaust
the test setup in test setup

3erui-5

View of hydrogen supply to APU-T View of oxygen supply to APU-T
F-21872
Figure 26.--APU-T System Instalied In Test Facllity.
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View of test cell and LH2

and LN2 tanks
Hydraullic load bank

Tegb2-10

Control console and electronic control Diglital and analog data acquisition

1-
equfpmen F-21542

Figure 26.--APU-T System Installed In Test Faciliity (Continued).
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Sol.

N/C

°1L__
Micro switches ‘

Indicator
lights -
(optional)

Marotta
3 way — Sol.
Sol. valves
N/C
To spk plug
.
combustor
T

wy — ¥

12 volt
ignitor box
Control
circuit

ignitor

box

A,

————

12 v

K

relay

Operation:

Turn
when

Turn
when

on oxygen
relay closes
on hydrogen
relay opens

One Sol. valve must be closed
before other valve opens.

$-94909

Figure 31.--Spark Pilug Gas Supply Circult Schematic.
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TABLE 7

EQUIPMENT LIST

49 HZ truck skutc*f

i
Item | Name ‘J Description [ I tem I Name Description
|
1 0; storage tank . 1012 | LHy pump inlet shutoff
2 F; storage tane 1022 LKz tank €i1) shutoff
3 0; shutof? Manual 103% ' LKz pump outlet va've
4 Hy shatof” . Marua) 1042 LH2 pumo
£ | 07 shutoff Remote 105% | Lhz tark ven: valve
[3 Hs shutoff femote 1064 l LM2 tank pressure control
c7 0, regulator . : 1072 1 (Hy tank safety disc
10 H; regulatcr 1087 LM tank relie¢ valve
) 1092 | Hy vent stack
v 02 retief valve 1o LH2 oumd relief
20 2 relief vaive a
l'1a LH2 pump safety cisc
29 Combuster head PN SK65202 7‘2" ! LH2 tank pressure control
- 13 N2 regulator
y 0; control valve . ON 394372 ‘Ih: I N2 regulator
35 1y corirol valve I PN 394376-1 115 LH2 tark pressure shutoff
37 ’ Ignition exciter 1169 N2 shutoff {
38 1 ¢, -egulator PN 393156 (2 required) 172 { Ly tank I NASA CE SIUBS 75 oy ¢
{ . : 182 " vacuum purp H
L2 0; accuru'ator oN 197 vacuer Jacket burst disc
Ly | APU-T cor:rolle- PN a
L5 Turbire analog PN 127 LHy fit) connection |
i ' 128 | Vacuum jacketec lire
4% Hydraulicz lcaa selector (Part of analog) 1292 ’ LRy oump chi ldawn valve ’
48 Hy truck 1202 | i lidowr p: lot vaive '
|

131 Ny regulatar
54 ‘ Bypass valve 3 PN 393761 (4 recuired) t32 ‘ GHzLN; heat excthanger X s
. ’ 133 GHZLNZ shutoff valve t
5€ | Preneater Ph 1591701 13L GH2LN? bypass valve
135 GHZWN2 €310 valye . |
61 Rezuperator PN 158560-1 l
63 ! C3/lN; heat exchanger 136 GHyLa; neat excharger
6L 02/LNz heat exchanger shutoff 137 Sy vent valve NASA
valve . 38 GHy shutoff valve NASA
65 0;/LN2 neat exchanger bypass . |
va've 14t Hyd-aulic load vaive
142 Hydravlic load valve J
6& 0y venturi NASA y§ %3 Fydrauiic load vaive
67 Hy venturi NASA V6 Thy Hydravlie loac ori‘ice 1 gom at 1000 Aps:
145 tydraulic load or ‘ice 9pM at 30090 dos:
bA ] Lub-icatirg o' | cooier PN 159550~
L7 Hycraulic ai ' cocler ‘ PN 1595501 Thé Hydravlic 'oad orif ce gpm at 3000 4ps
73 Equalizer PN 159580-1 147 Hydraulic locad orifice Spm at 3000 bps:
74 Regenerator . PN 159570-1 1L8 Fydmu'ic load orifice gpm™ at 3300 apsi
75 Turbine sower unit P 581190-1 148 | rydrauiic load crifice ] 9P ar 3300 4ps.
1 J 150 hydraclic oi l/water hea: exchanger
76 Thermocoup le, cortrol PN O5W-787 (2 raquired)
77 ) Oxygen check valve { PN 302148 (crissaire) 151 Hydraulic o 1 filter
78 Flywheel . DSw-78E 152 Hydraul c oit filter bypass
79 Purge valve {H2 5ide) i 183 Pressurized reserve(r
80 Purge valve (07 s de) I 15k Ny fill valve
I ] 155 01 Fil) valve
8 Check valve (Hz line)
82 Check valve (0; line) l 156 Vacuum vent valve |
83 Lthech valve (h2 pu-ge) k 157 Low-pressure relief valve ‘
. Check valve {0, purge) i 158 High-pressure relief valve
85 Relief valve, Wy " 59 Ecualizer vacuum valve |
160 Lubricating o. | sump !
86 Case drain return valve 8 gom (n.0.) .
B7 Cdse drzin 20 cooler valve 8 gpm (N.O.) 161 Lubricating pump gpm
8s 0.1 cooler flow vale € gpm IN.0.) 162 Lubricating relief vaive I 4c apsi
89 011 cooler meter valve Needlie valve (8 gpm) 163 Lubricating cil filger |
90 GO2-LN; heat exchange- Existing dewar 164 Fydraulic o 1/H;0 neat exchanger
bypass valve l
91 LNy fill valve On test cel) wall 165 Hydrauiic oi I/H20 heat excnanger
92 GC; vent valve NASA series valve
33 G0y shutoff valve NASA |
% Cy dump valve 166 Lubricating oi | pressure mode valve
95 C2 dump vaive (lab oper) . 187. Lubricating scavenge pump
168 Ejector centrol valve i
96 Q; filter 169 Steam shucoff 1st stage ]
97 Hy filter o 170 Steam shutoff 2nd stage
98 LH;-nydraulic o | heat exchanger 8 gpm at 0°F
bypass : n Steam ejector
EE] | dydraulic pump shutoff valve 172 Exhaust stack l
i l 173 Steam plare i

Al}l numbers from 1 to 175 were used; omissions indicate inactive numbers.
a “H, system not used,
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When checkout on GHz was required, the heat exchangers were bypassed. Flow

measurement was accomplished with a metering venturi located upstream of the
heat exchangers and the bypass.

Reactant thermal conditioning circuit.-—-From the reactant circuits, the
propellant entered the reactant thermal conditioning circuit (shown in fig. 28)
where the various heat transfer functions were performed to heat the cryogenic
temperature propellants to a usable temperature and to cool the hydraulic and
fube oil. This system is the same as that used in the APU reference system as
described in detail under the headings: APU-T Propellant Feed and Conditioning
Subsystem and Reference System, - '

Exhaust ejector system.--Space conditions were simulated in the turbine
exhaust system and recuperator using a facility steam ejector. The ejector
system circuit is included in figq. 28. A two-stage ejector was used with
independent controls on each stage. Thls permitted the setting of exhaust
pressure at the predicted value for space operation at any set of APU-T operat-
ing conditions. The system also was sultable for operation with ambient pressure
exhaust,

Power units circuit.-=-The conditioned propeilants entered the combustor
and turbine through the Hy and O3 control valves, as shown in fig. 29. The
power unit of the APU reference system is described in the sections entitled:
APU-T Propellant Feed and Conditioning Subsystem and APU-T Turbopower Subsystem.

Hydraul ic load bank circuits.--Operation of the APU-T at selected power
levels was accomplished by imposing various hydraulic loads in the hydraulic
load bank. To impose a given load flow, it was decided to use one of three
branches in the hydraulic load bank by operating the appropriate solenoid bank
from the contro! console. Flow rates corresponding to the se!ected power set-
ting were preset using the hand-operated valve in the selected branch. Upon
loss of electrical power to the controller, a 200-hp load would be applied to
the turbine to prevent overspeed. A portion of the flow was hydrogen-cooled
by the APU-T cooler to demonstrate the cooting function in the APU-T system.
This flow included the pump case drain flow plus a portion of the pump discharge
flow. ‘

Cavitation of the pumps was prevented by holding their inlet pressure at
80 psig using a pressurized reservoir.

To simulate system operation on hot oil, the hydraulic oil was preheated
to about 660 R prior to running the APU~T. Preheating was accomplished by
introducing steam into the facility hydraulic oil cooler water, and circulating
‘the oil through the cooler/heater with the preheat pump. After the oil reached
the desired temperature, the steam supply and the circulating pump were shut
down, and the test was started. During the test, further heating ot the
hydraulic oll occurred in the pumps. Oil temperature was manually controlled
by varying the facility oil cooler water fliow.
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lgnition system.--Combustion was initiated by injecting ionized oxygen
into the combustor using the modified automotive-type spark plug described in
the previous section under the heading, Combustor. High voltage was supplied
to the plug using an automotive-type electronic ignition system,

Spark was supplied to the combustor- during startup only. Application

of current to the plug was sensed in the controller by the use of an induction
coil around the high-tension lead. Spark was supplied only when the H2 control
valve inlet pressure was above 300 psia and the turbine inlet temperature was
below 1200 R. During this period, oxygen was supplied.to the spark plug. - When
the spark was terminated, the oxygen flow was replaced by hydrogen to prevent
breathing of combustor gases into the spark plug. A nitrogen purge was applied
between the hydrogen and oxygen flows. The system providing these functions is
defined in fig. 31,

Controller.~-The electronic controlier for the APU~T system is described
in the previous section under the heading, APU-T control subsystem. The system
is basically the same as that used for the reference system, except that certain
features were added for development use. Options were provided in the controller
so that turbine temperature and speed and hydrogen control valve iniet temper-
ature could be selected by a dial setting. Also, a limit could be set on the
combustor inlet pressure at any value between 100 and 400 psig. The controller
inputs and outputs are given in fig. 32, The control instrumentation locations
in the system are identified by flags that appear on the schematics of tigs. 27
through 30.

Data acquisition.==The instrumentation data acquisition and reduction
system consists of an acquisition subsystem located in the remote test facility
at Mint Canyon and a data reduction subsystem located at both the Torrance and
the Mint Canyon facilities. Transmission of raw data in digital format between
the remote facility and the Torrance reduction facility is manual. A raw data
tape and the appropriate test data sheet provide the input for the computer
data reduction operation. The final output from the computer is available at
the Torrance facility, which .is in easy access to the engineering project groups
requiring the reduced data. The data flow from this system is shown in fig. 33,

Data acquisition subsystem: Outputs of sensors located on both the test
article ard the support test equipment are signal-conditioned by the appropriate
equipment located in the test control room. The ouput voltages from the signal
conditioners (i,e., voltages proportional to the measured -variable) provide
the inputs to one or more of the three data recording systems according to the
requirements listed in table 8. The recording systems are described below.

(1) Visual displays. The displays numerically provide those parameters
that enable the test operator to ascertain the state of the test.
The visual display also includes parameters not recorded on the data
- acquisition system. Such parameters are displayed using pressure
gages, indicators, and other devices.
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TABLE 8

SUMMARY OF RECORDED DATA

! Used Ir Recarding hetnoc
-
‘ 7 : Gaze
N : or
Carc lont-ol{ Turbine/ |APY-T . . Merer
Sta Max. Cper. Svstem Gearbox Systemf Digita) Araleg Strip Ref
ne, Fluid Units Rarge Range Test Test Test Tape Taae Visue' | Cha~t | Only instryrentat ior
RPSE | GO, psig 0-1600 } 85C-1000 . x ~x, x hote 2
Ea-t s, A 483-550 480-552 - x +x o Nole 3
ELFY- 3 I psig c-100¢C 500-960 - x +xe ‘ Ncte 2
I3 i
1
P67 C--z psic €-802 £0c-800 - x -, x Note 2
)
‘ aT57 ] GA R LBC-550 LE0-350 N x . x Note 3
[N £3ig 3-800 30C-600 4 x + Note 2
; 2, £sig 2-1cco0 850-550 x x x Mote 2
)
518 | o, or 152-552 1 150-530 x x Ncte L
$87 1 5C, ps g C-1c0C 802-1€00 x +x + x Note I
s77 | e, o2 5¢€0-10¢C 700-95¢C - x - Note &
sP27 Chz 351g 0-£02 $50-600 x b x Note 2
! sT27 :-2 on £0-502 Le-550 x x Aote L
|
STIN| Gny, o5 83-550 B0-550 x x Note L
ST39( 4, 2R £00-700 430-700 x x NCte i
2
ST39 | Ch, o §00-2co 600-8¢0 x x Note u
z
STat] o, Or LQo-8¢c 400-80C I3 x NOe &
H
sTus | on e sce-200 | sp0-90¢ x x ryd-ogen Note b
Zircurt
STL? cuz o/ 5Co-150C 8¢0-120¢C x x Note &
L 8Ts f.~2 ©R 500-1200 800-1230 x x Ncte L
$756 | Ch %% 100-£c0 100-800 x x Note u
5258 [k ps €-600 500~60¢ x T x Note 2
$758 CHZ CR 300-30¢C 300-90C x . X Noe 4
SPEZ *y R C| o 0-5C5 S0-430 - % + a - x - x Note 2
stezfn, - x ol o 500-2190 | 1700-2100 | « x x| e v a Note 4
[3
SPOU | Mo v H T psig -13 e f2Q -13 to +24 El x Note §
2 Z Turbine Out
STE5 | ry = K0 o3 500- 1600 1200-1602 x x Note 4
$°65 hZ - NZC :H =11 1o +§ -13 1o -5 x x , Note §
System Qut
S18¢ -12 - ~420 CR 5CC-160C 7C0-1600 x . Note &
SHEY | NLA | HzZ J-8C00 700¢-800¢C b o x - x + X c + x | Turbine Speed SK63258 (3 Req'd)
co
5'82: MR OR 500-800 500-80C c x c 2 ] Turoine Bearing  Special T.C tnseall. (2)
,
5757 ! P-z o5 502-t1c00 52C-1C0d x x --42 Circuic Mote «
HIT P 0-500 50-u0¢ i - .
l
$2050 0, 0-500 50~400 - b .
H= 5,0 H, in. ke Vac| 0-30 0-3¢ i x + x
|
$P30, N, psis 0-1c -7 J = ‘ J . |
I i N ;
i HSTRUMENTAT |G NOTES
' For pressures 0 :c 200 ps g a “aber Model 217 or eGuivaiert, L. LSK31931-8, or equiva.ent
pressure transducer will be usec.
5. For absolute pressures a Taber Series 254, or ecuiva'en:.
2. For higher sressures a Tabej Hode| 206, or eguivalent, wil:
be used. “Turbine analog cutput.
3. std las /€.
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TABLE 8.--Continued

T
i Usec 10 Recording Method
! | i ' Gage
| ‘ or l
Daia ' Comtrol | Turcine/ | APL-T Mecer ! ‘
Sia ! Max. i Cper. Syster | Gearpcx | Syster  Dig tal | Analeg Strap ner |
NO. Fly ¢ Units Range Range Test Test Test Taoe Tape |Vvisual 'Crart {Cnly I ‘ les:-urenzat 0%
- L I
LPT | Aye 0l psig 9-4000 | 3500-40C0 x| x x Ho:
R . . . Hydraulc R
LP2 | Hyc Cil psig | 0-200 | 5C-150 L x x Circuit NDte 2
i
LT2 [Hye Gil [OR L00-800 400-75¢ boa | x x Note 3 )
Q2 Hyd Dil iqpm 0-202 c-170 x x x Tu-k re rerer
LS water . OR 500-55C 500-55C x x Note ]
‘ Hyd Cht
(16 | water  OR 500-50¢C 500-5CC x| M water wote 3
: [ Cooler
L2% waler fgpm 13 x “urbine Peler
L7 |, PS8 iG 0-202 50-10C x x nete |
$O3 ‘r..\ ! i x v {ont-oi valve
§33T N.AL ' N M . x Positions
. 1
N I
SOSH | A x » Bypass valve
SDS4 | N.A. x Pos ition
!
SDSL | N.A. ) x x
)
SOSL | N.A. ! x -
STIE | 4yc 0il | ©R 500-769 50C-760 o x Note 3
SPIB | wye Cil {psi 0-200 50-152 x x Note
§PIG } Hyc Ol 1:5? 0-t00 §C-120 x x Case Drain Noe !
STIG fhye 3il | OR L00-790 L00-700 x x | Note 3
| .
$3°9 | Hyd Jil gpm c-10 4-8 x Fl | “uro-ne meter
SOLE | hLAL + - 1Ana’og Hyc Input
ST])Ij Nz . HZD l°R 500-2200 1003-2200 + - |
H
sT132f e, - k) | o 500-2200 . 1000-2200 * ' !
! [
57133 F: - Nzﬁ ] 500-2200 1000-2200 * * 2ammy Torus
s713u Hy o b0 ‘°a §09-2200 | 1000-2200|  + . Nozzle "eTp
STIas M, k0 {on §00-2200 | 100C-2200]  + +
5T1IH “ + KZC |°R 530-2220 1000-2200 * +
$Q87 | Lube i} |gpm 0-10 3-5 o x x o Turbine Meter
ST8L | Lube 0il {®R 500-850 500-850 o x kY [ Note 3
$285 | Luve Dil {gom o-10 3-5 ° x » <] Turbine “eter
$T86 | Lube Dil PR 50C-850 500-850 o x x o Lube 3i) Note 3
5776 | Lube 11 | OR 500-850 | 510-850 x x x | Cirewiz
596 | Lube 0i1 lpsig 0-100 40-60 x x i
ST17 | Lube G:) [OR 500-850 §10-76C o x x ° ) !
SP17 Lebe O3l jps @ 0-100 0-60 o x % o o x
SNB8 | N.A. | rpm 0-6000 ; L509-5200 ° 2
', ‘, byro
SxB8 | N.A. fe-1b 0-32 i5-15 o o
! i ! |
INSTRULMENTATION NG ES i
|. For pressures O ta 200 psig a Taber model 217 or equ valent, 4, LSK 31931-B, or ecuivaient, 1

pressure trarsducer will be used,

. 5. For ansolute pressures a Taber Series 25«4, c- equivalent.
2. Ffor hgher prassures a Taber Mode) 206, or equ valent, will
be used.
3. std lax T/C.
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(2) Digital data acquisition system (DDAS). DDAS obtains steady-state
data for reduction by the offsite computer. The DDAS samples each
of its parameters in +urn, coverts them to binary-coded decimal,
and stores then in sequence on an incremental magnetic tape. The
sample rate for the 50-channel DDAS is one sample per channe!l per
second; that is, any particular parameter will be measured once per
second. Constants may be entered on the tape to identify the test
type or run number. This information is supplemented by parameters
on the test data sheet such as barometric pressure. The output from
this system is a raw digital tape; no computations or further
processing is done at the test site.

(3) Anailog data acquisition system. Those parameters requiring continucus
recording for the purpose of transient analysis are recorded on an
analog freauency-multiplexing magnetic-tape recorder. The data thus
recorded can be processed offline by an oscillograph recorder at the
remote site for time-transient analysis. The basic data is still
retained on the tape, so further data reduction is allowed as neces-
sary (i.e., freauency analysis). In addition to the data parameters,
a voice track is recorded to enable time correlation between the
test and the recorded data.

Jata reduction subsystems: These subsytems provide processing of both
the analog and digital data. The analog data reduction has been mentioned, and
a variety of other techniques exist within the facilities to process the data.

Jigital data orocesing is performed off-line at the Torrance facility.
The three functions performed on the raw data are: (1) conversion to engineer-
ing units, (2) calculations, and (3) output of the engineering data in the
required format. The basic program consists of the following operations:

(1) Read routine--reads the raw data from the data acquistion tape.
(2) Conversion routine--converts the raw data to engineering data.

(3) Calculation routine--computes the engineering data into the desired
indirect data.

(4) OQutput routine=--Arranges both the engineering and the indirect data
into the proper format for engineering analysis. The tabulated forma+
is that used in the design analysis computer program.

Test procedures.--The system was prepared for testing in accordance with

the pretest checklist in fig. 34. This list defines the tfacility and APU-T
conditions tc be set during the test. The fully automatic startup was initiated
by actuating the controller start switch. This was generally done under a 40-hp
nominal load. Then the unit was allowed to run for 2 to 3 min. For +he ma jor ity
of power levels tested, this time was adequate for data sampling and stabiliza-
tion. At the low power levels near 50 hp, about 4 to 5 min were required. Power
settings were selected by actuating switches on the control console that opened
and closed The required solenoid valves in the load bank. Power setting changes
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were almost instantaneous due to the fast action of the solenoid valves. Shutdown
was completely automatic when the start switch was closed. The controller closed
the 02 shutoff valve and monitored the Hz control valve to apply a !5~sec GH?
purge at a 50-psig turbine inlet pressure. The purge time was reduced to | or

2 sec when cryogenic propellants were used to prevent thermal-shocking the unit,
The pretest checklist was used as a gquide for the post-test procedures,

When hot hydraulic oil was required, the oil was preheated before testing
to minimize the time required for heating the oi! with the pumps du~ing the run.
The pump inlet temperature was manually controlled by varying the facility oil
cooler water flow.

The steam ejector was manually controlled. Generally, the ejector was
operated only while the APU was running. This prevented condensed steam in
the exhaust system from entering the pressure taps.

At the start of the test program, special checkout procedures were used
pefore attempting the first run. The unit was driven at a reduced speed
using ambient temperature GN2 to verify proper functioning of the instrumen-
tation. Emphasis was placed on the turbine speed pickups and other control
instrumentation. For the first hot start, the speed was limited to 20 000 rpm
Sy an adjustment on the controller provided for this purpose, Turbine inlet
temperature and speed were gradually increased from test to test unti| desian
conditions (TIT = 1960 R, rpm - 63 000) were reached. There was a delay in
the TIT rate to eliminate temperature spikes during lightoff,

Summary of conducted tests: The APU-T system tests, conducted from
9 September 1974 through 7 February 1975, accumulated 597 min total run time
and 145 hot starts during the 5 months of testing.

The test conditions included the following: (1) operation with hot and
ambient hydraulic fluid, (2) local and simulated altitude operation using
the system e jector system, (3) operation with H2 cooled to LN2 and LH2 tem-
peratures, and (4) operation at progressively higher power levels abproaching
the design maximum of 400 hp. A chronology of the testing is summarized in
table 9, which lists test conditions, the date of the test, and pertinent
remarks.

The tests covered power ranges from 40 to 380 hp at both sea level and
space simuliation. The range of hydrogen temperatures to the test unit was
from ambient to cryogenic (LHp temperature). Tests were conducted wi+th both
ambient and hot oil.

Test results.

Transient data: Performance during transient operation was predicted
in ref. 1 as an aid to develop the control system. The turbine speed was
to be controlled to 63 000 rpm and turbine inlet temperature (TIT) was to be
controliea to 1960 R. Excellent control of these parameters was obtained
as shown in figs. 35 through 41, which are oscillograph traces during various
load changes. The main modification to the controi concept was a delay in the
TIT rate to eliminate temperature spikes during lightoff,
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TABLE 9

SUMMARY OF APU TESTS

— :
{ | { Accum i '
run Arbient " "
Rur lime, Power, pressure, | 2 ¥2 Hyd-aul ¢
Lete to. Everts mion kg psia tewderature| terperalure| temperature Rerarks
9-9-74 Vo b 1 to b - - - - - - Chechout rurs
te 9-10-74
9-"1-74 7 to '9 7 to 28 - - - - - - Turb re rofiovers w th GN2 at
ts 9-17-74 room temperature
9-" 774 20 ta L2 29 (o &5 77 «l to 300 13.4 Anbier: Ambiert Ambi ent Yo tral hot tests; TIT ard tur-
te 9-2G-7 dine speed gradually increased
! from test to test
G-23-74 43 to 5§ “6 0 68 176 40 zc 300 [ 134 Ank: ent Antient Ambiert Jesign conditions of TI~.= 1960 K
Lo 9=2b-7Y anc rpm = 63,000 reached; ‘irst
automat ¢ sta-:s
3-25-74 56 o 89 ¢ te 29 [ 183 40 ote 30T | 3.4 Anbert Amb o ent Anbient Checkout rurs; enperimenzation
to 10-3-7u ERT:) Lh.z with contra! valves; spark plug
fouling problems
10-4 =74 9c 133 tc w5 | 19 &C te 322 ‘3.e Lh, Ambienrt Arbrent Steady state and trarsient per-
- formance; fire fro~ sparxplug at
end of run
10-15<34 39 to 33 T4E to 169 225 «0 o 320 12.4 Ambiert Ambiert Anbient Fire from sparx piLg term natec
tests
10-25-74 % 0 9% - 234 - - Checkout Runs
|
"C-28-74 tol 95 to 105 170 to 219 1 247 LC o 3CO | 3.4 Arbient Amb . ent Ambiert Modi ficaticns to spark plug gas
r-7-7% : supply system; attempts ac
performance
11-8-74 106 to 1°5) 22C t= 222 | ¢ - - - - - {heckout rurs
1-1te7h 1'%, 117 223 to 243 279 “00 to 303} 13.4 Arb.ert Ambi ent Amb ent Perforrance run at sea leve’
[RESEEIN 118 24k to 261 | 287 100 to 300 © Ambent Ambient Amb i ent Performance run - alt tude s cu-
lation
11-18-74 119 - - - | - - - - Lost CAS
1'-25-74 120 262 to iBh | 295 4C to 300 | 13.4 LN, N, Hot Performance tests w th hot ~ydra-
ulic fluid
11 -26-7L 120, 22 285 rc 306 30% 40 to 30C | 13.4 LK, LN, Hot Performance tests with hot hydra-
vire fluid
112774 123 to 12314 309 307 - - - - - Checkout runs
to 12=ba7u |
'Z-L-74 te '30 to 143 1.310 to 3691 385 LD to 300 13.4 ard0 I.h2 Ambient Hot Performance tes:s; some data
1212 7% lost; reestablishing and stapil-
i2ing load bank characteristics
12-16-74 1Ly 370 to 379 369 1C0 to 300: O LN2 Ambient Hot
Lrzery-74 15 396 to LoL ] 381 40 0 Z0C | O LN - Ambient rot 1 | (Check hydraul ¢ load berk for
12-16-74 146 - 38¢ 40 to 300 | 13.4 LN; Arb ent Ambiernt) } {leaxs
12-18-74 147 413 to L33 Loo 40 to 300 0 N3 Ambi ent Fot Performance run
12-18-74 48 LU0 to wl5 | 4 200, 3C0 13.4 LNy Andient Hot Performance rur
12-15-74 149, 150' LLb to L59 | 412 100 to 30C| O LNy Ambi ent Arbient Performarce runs
121974 161 460 to 478 | 43D 40 to 38 | 0 Ly, Ambi ent Ambi ent Performance rur
1-B-75 162, 153 479 to LB | 47 - - - - - Checkout runs
1-8-75 y5b 482 te 493 | uk? 40 to 200 ' 0 |.r-2 Amb’ ers Ambient First test at Lr«z tempecature
1+9-75 155 1o 1591 511 to 518 | w59 - Q LHZ Arb’ ent Ambient Unsuccessful attempts tec ~un at
higher power
ta13-75 1€0 519 to 533 [ 467 40 0 200 | O LNz Ambient Amkient Shutdown at 300 hp
1-13-7% to j 161 to 169} 535 to 560 | LEB - c LH, Ambi ent Amb i ant M. nor system problems prevented
1-"5-75 3N0 hp operation
i=15-75 70 561 to 5397} 507 40 rteo 3ICO 0 and 13. Y4 LHZ Ambient Amb:ent Successful operation at h:gk
) power levels
1-'5-75 0 17" o 179] 598 1c 6C5] 522 - - . - - Shutdowns cccur” ng irmed: stely
1-20-75 after siart
1%21-79 180 61C to 634 | 528 40 to 300 3.4 L|'42 Arbient Hot Verify 300 hp operation; oil
leak enc of run
1-23-75 tc | 187 to 84 €35 to 669 sS40 L0 1o 200 | 11.4 Ly ambient Ambient Chamber pressure runring high ‘or
1=24-75 8 given hydraulic flow; hydraulic
1 pumps damaged
2-5-75 to | 185 to 1B7} €70 te 705“ 5865 LC to 20D | 13.4 u~2 Ambi ant Ambient Shakedown witn rebu’ it pumps;
2-6-75 ) performance data obtained; spark
plug tip burred off
. 27-75 *89 to 192 706 to 702} 537 - - - - - Checkout runs to determine cause
of spark plug burnouts; test.ng
termi nated

E
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The transient performance for the APU-T tests was recorded on an
oscillograph to determine the response and control characteristics during
startup, shutdown, and load changes. The data in figs. 35 through 41 was
representative of the many tests conducted.

Figure 35 shows an automatic start with zero applied load. The turbine
design speed of 63 000 rpm was reached approximately 1.25 sec after lightoff.
Full hydraulic pressure was available 0.25 sec from !ightoff. Steady-state
turbine inlet temperature was reached 5 sec after lightoff.

Similar results were obtained during a startup to a power setting of
40 shp (fig. 36). Turbine design speed was attained about 2.5 sec after
tightoff. Steady-state turbine inlet temperature occurred 3 sec later;
it was purposely delayed to avoid temperature spikes during lightoff as
previously mentioned.

A sequence from 40 to 300 shp in load steps of approximately 100 ho
is shown in figs. 37 through 39, During This entire sequence, including the
load steps, turbine speed was controlled within 1 percent of the mean speed
~of 63 000 rpm. Except for the immediate changeover in horsepower levels
there was a standard deviation of 64 rpm or about 0.1 percent of the mean,
and TIT was controlled to a mean of 1947 R with a standard deviation of 3 R,
At the exact time when horsepower changed, TIT varied by about +40 R.

This excellent contro! of turbine speed and TIT was clearly demonstrated
at the higher horsepower levels, as shown in fig. 39. At high power levels,
the propetllant valves were unchoked and thus, to obtain the same percent changes
in propellant flow as at low power levels, they had to move farther, Thus, at
300 shp, the fiuctuations were larger than at 200. These farger valve movements
were indicated by the values SD35 and SD34, indicating hydrogen and oxygen valve
position, respectively.

Fiqure 40 shows approximately a 160-hp stepdown from 200 to 40 hp. As
with the power step increases, power level was changed without exceeding
allowable turbine inlet Yemperatures or turbine speed.

During shutdown, fig. 41, there was smooth decay in both turbine speed
and TIT. No spikes or overspeed conditions occurred.

The combustor chamber pressures (SP62) were fairly steady at any particular
power setting, as shown by the fransient data oscillograph output. At high
power levels, near 300 shp for example, the variation in chamber pressure was
about +1-1/2 percent from the operating pressure, or about +4 psia,.

The performance of the propellant conditioning system shown in fig. 42

is for a typical test run (run 170) conducted with gaseous hydrogen coolzad
down to LH7 temperature. The data is shown from startup through power levels
of 58, 96, 202, and 295 hp. Iinlet hydrogen to the system was rapidly cooled
down and reached fairly steady values in about 1 min. The control of hydrogen
temperatures out of the equalizer and the regenerator was excellent. The
hydrogen inlet temperature to the combustor was to be controlled to 750 R,

and at the higher power levels it was controlled within 15 R. Both hydrogen
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Data from run 170

Power level

| ~ 58 hp |96|202|

~ 295 np

800 _
P /_G\J—a
ST58  Combustor ‘
700 GH. inlet Control
2 valve
600
~ — 1Qr-4g-1ﬁ
E ST35 Hydraulic oil
Z 400 S cooler GH2 inlet Contro)
: i valve
3
-
300
200
100
-5 S Cd—e
0 40 80 120 160 200 240 280 320 360
Run time,‘sec 5-9L367

Figure 42.--Propel tant Conditioning System Performance
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streams out of the regenerator were to be approximately equal with the hydrogen
inlet temperature to the hydraulic oil cooler, which was controlled to 460 R.
Over the entire power range, the hydrogen intet temperature (ST35)

was about 10° higher. Thus, the propellant conditioning system objectives

were accomplished, with excellent control of hydrogen temperature.

Steady~state data.--Data from the entire test series were examined and
the test events listed in table 10 were selected as thé most stable points
for steady-state analysis. The data correlations obtained from these events
are presented f(ater in this section.

A computer program was written to aid in data reduction and analysis.
This program presented test data in both engineering units and a format
identical to that used in SSAPU performance predictions (ref. 2). An
example of the computer output for run 180, event 631, conducted at 305 hp,
is shown in ftable 11. For the first part, the data in engineering units
has pressures in psig, temperature in degrees Rankine, and flow in gpm.
The symbols are defined in table 8. The definitions for the calculated
values are included in Appendix B. The other parts of the format give
overall and component performance in a form that can be compared easily
with predictions. The key station pressures and temperatures also are
tabulated. In these parts, pressure is in psia.

Combustor: !'n the APU-T system tests, combustor inlet temperatures were
controlled to 750 R and turbine inlet temperature was controlled tc a nominal
setting of 1960 R. Thus the combustor propellant flows essentially were fixed
at a nominal oxidizer to fuel ratio of 0.65. Ouring actual operation, the O/F
ratio varied from 0.60 to 0.67 because of changes in test conditions.

fgnition of the hydrogen-oxygen propellants was obtained using a spark
plug in which oxygen gas was fed into the annulus between the electrode
insulator and the spark plug body. During combustor operation after light-
off, the spark plug was cooled with gaseous hydrogen.

For steady-state operation, the combustor characteristic velocity C*
was determined for the range of combustor chamber pressures experienced
during the system tests. This data, with the C* efficiency calculations,
is presented in fig. 43. The characteristic velocity varied from 8000 to
9000 4t/sec and C* efficiencies were nominally 108 percent.,- Chamber pressure
did not have an appreciable effect on combustor performance. This result
was consistent with test results of the prototype combustor.

A significant problem experienced in the test program was spark plug
burnout. Design modifications and changes to the test procedure resulted
in no plug failure occurrences for the majority of APU-T system tests,
Near the end of the test program, however, the spark plug tips began to
melt, but insufficient time remained in the test program for a detailed
investigation or corrective action. A discussion of the spark plug burnout
problem can be found in the section titled, Analysis of Tes* Results, and
i+ includes possible solutions that could not be checked out experimentally.

79



TABLE 10

TEST EVENTS SELECTED FOR STEADY-STATE ANALYS!S

]

Run Hydraulic Pump shaft Hy temp, Hydraulic oil ambient,
No. Event flow, gpm power, hp R temp, R psia
90 13 7.97 47 286 579 13.4
133 48,94 140 272 580 13.4
138 66.99 183 224 584 13.4
143 126.65 320 198 562 13.4
117 230 34.82 107 542 580 13.4
235 71.02 193 538 588 13.4
241 129.52 327 537 605 13.4
118 251 29.17 94 545 585 0
255 67.17 183 542 588 0
269 129.67 328 . 539 605 0
120 273 10.43 52 498 687 13.4
276 41.62 123 375 705 13.4
122 308 129,37 327 213 703 13.4
131 315 8.72 49 463 679 0
136 366 6.39 44 417 688 0
144 | 374 10.43 52 414 694 0
378 29.72 95 318 715 0
386 7.67 194 224 738 0
394 130.37 330 196 744 0
145 400 22.47 78 421 695 0
406 29.42 94 315 722 0
412 70.52 191 218 - 0
147 420 13.62 59 353 689 0
424 88,92 228 223 732 0
432 31.62 99 227 773 0
148 442 29.52 94 287 665 13.4
149 449 13.08 58 385 588 0
151 464 76.22 205 207 722 0
467 139.07 351 177 740 0
469 28.32 92 205 750 0
474 13,92 59 223 770 0

80




TEST EVENTS SELECTED FOR STEADY-STATE ANALYSIS

TABLE 10.-~Continued

P

Run Hydraulic Pump shatft. Ho temp, Hydraulic oil ambient
No. Event flow, gpm power, hp R temp, R psia
154 501 13.08 58 51 - 0
510 29.47 94 49 - 0
160 525 13.07 58 60 - 0
529 30.22 96 53 - 0
534 74.92 202 50 - 0
151 541 13,12 58 63 - 0
163 548 13.03 58 56 - 0
170 573 117.92 299 52 - 0
579 117.72 298 52 - 13.4
585 74.82 202 46 - 13.4
593 26,72 95 50 - 13.4
597 13.33 58 48 - 13.4
180 631 120.17 305 53 743 13.4
187 688 31.72 98 56 574 13.4
692 11.39 52 58 590 13.4
695 31.47 98 20 578 13.4
698 11.38 52 53 593 13.4
705 74.22 197 46 584 13.4
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Figure 43.--Combustor Characteristic Velocity During System Tests.

Turbine: Overall turbine efficiency for the design characteristics of
table & was predicted. |In figs. 44 and 45, overall efficiency predictions
were plotted as a function of: (1) overall pressure ratio for fixed furbine
speed at several back pressures, and (2) shaft power for fixed turbine speed
at several back pressures. Turbine performance as illustrated by these figures
was used to .predict overall reference system performance.as presented in ref. 2.
For example, at sea level, 400-hp power requirements, predicted turbine efficiency
was 54 percent at an overall pressure ratie of 22. For space operation at the
same power reguirement, the predicted furbine efficiency was 51 percent at an
overa!l pressure ratio of 37.

For the APU-T system tests the calculation procedures for the turbine
efficiency are presented in Appendix B. Different methods were used to
calculate turbine performance from: (1) the AT across the turbine, (2) the
measured shaft horsepower and, (3) calculated shatt horsepower from heat
rejection. Turbine efficiency calculated from these three methods, respec-
‘tively, was in the engineering data reduction (Appendix C) calculations 117,
118, and 1139. Gearbox losses were calcuiated from heat rejection to the Iube

oil.
All of these calculations were not exact because of measurement errors

and the difficulty to assess component performance from system tests. In the
heat rejection method (119), for example, calculated efficiency increased with
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run time at any particular power level. This was a result of measured
temperature starting to stabilize. The AT method had large errors at {ow
power levels pecause of nitrogen buffer gas leakage into the turbine exhaust
torus. Temperature measurements in the torus were lowered and, therefore,
the measured AT across *he turbine was too high and resulted in a high
calculated turbine efficiency. At high power levels, the propellant flow
was significantly higher, reducing this cooling effect,

Taking the calculations at 300 gearbox shaft horsepower as representative
of turbine performance from run 117, reading 241, and run 170, reading 579, an
efficiency range of 47 to 48 percent was calculated by the AT method, a range
of 44 to 45 percent was calculated from measured shaft horsepower, and a range
of 38 to 40 percent was calculated from the heat rejection method.. Because
the calculation from heat rejection was dependent on stabilization time, it was
the least accurate of the three methods. :

Searbox loss calculated by heat rejection to the lube oil was 5 to 6 hp,
which is compatible with the 44 to 45 percent turbine efficiency calculated
from measured shaftpower, but does not compare favorably with the 28 hp gearbox
losses measured during gearbox dynamometer tests. On the .other hand, gearbox
losses back=-calculated based upon AT-calculated turbine efficiency of 47 to 48
percent correlate more closely with the dynamometer tests; that is 18 to 25 hp
compared to 28 hp. Accordingly, the range of 44 +o 48 percent efficiency as
calculated from measured shaft power and AT was used for the APU-T turbine
efficiency. This range of efficiencies was plotted versus overal | turbine
pressure ratio for the available steady-state points at different turbine
back pressures in fig. 46, The turbine efficiency was about 4 to 8 points
lower than predicted over the range of pressure ratios tested. The |ower per-
formance was traced to first-stage turbine seal leakage.

86



‘01 1BH 94nSSsaud SA ADUD1D1443 Buiqun|--"9p 2anbyy

8- h5E18-$ Otled 2unssasd |[ed4dAQ
001 09 o7 0f . 0 0l 8 9 § 4 ¢
T T .
ersd g1 ~[ _
eisd 0| ~V
eisd g ~ (O
ﬁmgsmmw;a yoeq l1e s$31s23
wa1sAs j)-ndy 20-7%H
Jamod 1yeys paunseaw - S|OquAS pasoy’)
S, 1LV - s|oqwAs uadg
sanssaadydeq eisd ()
\ -
\ ‘\\w
s | 2" |
D Hlo n 74
1 ’ /
.?’l",'
IJ.HVNI elsd g
eisd g
wdis 000 €9 = N
i |

01

0¢

0t

0%

0S5

09

NGEELYS

CAJUl121 4,49

juadsiad

87



Heat exchangers: APU tests were run with ambient temperature oxygen
(except for a few runs) and with hydrogen temperature varied from ambient
temperature to 50 R. In terms of heat exchanger performance, the most interest-
ing tests were those run at liquid hydrogen temperatures near 50 R, because in
tfhese cases the heat exchangers had to work the hardest. Tests made at LHo
temperatures were from run 154 to run 192.

The time for the system temperature to stabilize was tairly iong, as
shown in fig. 47. At high power !evels of 200 and 300 hp, heat exchanger
temperatures stabitized in about 140 sec. This was determined from hydraulic
oil temperatures at both the inlet and outlet of the tydraulic oil cosler ftor
test runs where the power level was reached rapidly on APU ignition.  MosT tests
that were conducted at low power levels immediately after APU igniticr did not
nave sufficient run time for temperatures to stabilize. The excep*icn was run
154, where the APU was run at approximately 55 hp for atout 9 min. 'n tnis run,
the inlet temperature measurement fo the hydraulic oil cooler was incorrect,
so only outlet temperatures were available. The data was not smocth; oscilla=
tions occurred about 3 min into the run. With the exception of the data a*
425 sec into the run, it appears that at a low power level of 55 hp, temperatures
stabilized in 4 to 5 min or about twice as long as the higher power levels.
Therefore, care was exercised in selecting steady-state data to obtain heat
exchanger performance to ensure that system temperatures had stabilized.

The steady-state data shown in figs. 48 through 55 were for tests conducted
at both ambient back pressure and space simulation ‘or power level!s from 58 to
300 hp. Hydrogen temperatures were not directly measured for several heat
exchanger locations as indicated by the star symbol in these tigures. For pur-
poses of heat transfer calculations, the temperature assumed at these locations
was that measured immediately upstream or downstream in series with the flow.
The temperature distributions were fairly similar at both ambient back pressure
and space simulation for any particular power level. The heat transfer
increased from space simulation to ambient back pressure because of increased
propellant flow. ’

The equalizer performance was below predicted performance with oxygen
temperatures into the combustor about 50 to 60 R lower than hydrogen. The temp-
erature across the equalizer showed a rise both on. the oxygen and hydrogen sides,
which is an impossibility. To raise the oxygen temperature about 170 R for the
tests would require only an 11 R decrease in hydrogen temperature because of
the difference in Cp's of the gases. This is probabl!y within the band of +he
hydrogen temperatures measured. Thus, only oxygen measurements were used for
the equal izer heat transfer.

For a better understanding of the performance of the heat exchangers, the
heat transfer as Btu/min was plotted in figs. 56 and 57 at the various horse-
power settings of run 170, which was conducted at ambient back pressure and with
ampient hydraulic oil. For ease of presentation, only cold side values were
used in the plots. Run 170 was used because the entire power level was traversed
in this test and possible variations from run to run in data thus were elimi-
nated. The data was compared with computer predictions (ref. 2) for hot
hydraulic oil, therefore the heat transfer, particulariy in the hydraulic oil
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cooler, was expected to be different. However, in general, the heat exchanger
per formance was in good agreement, with values in the preheater and regenerator
heat transfer almost identical to predictions. In tne recuperator, the heat
transferred was about 35 percent more at the low power of 58 hp and 20 percent
more at 300 hp. The lube oil cooler transferred about one-half predicted value
or about 500 Btu/min independent of the power level as expected. The hydraulic
oi! cooler had about 25 percent less heat transferred than the original computer
predictions to a maximum of 1800 Btu/min at 300 hp.

To obtain comparisons with hot hydraulic oil operation, data af 300 hp and
about 200 hp were used. Major differences with ambient hydraulic oil operation
occurred mainly in the hydraulic oil cooler and lube oil cooler, with minor
variations in the preheater, regenerator, and recuperator per formance as shown
in figs. 58 and 59. With hot hydraulic oil, the lube oil cooter trensferred
about 300 Btu/min or 60 percent of what it did with ambient hydraulic oit. On
+he other hand, the hydraulic oil cooler transferred about twice as much heat
than with ambient hydraulic oil operation to a maximum of 3700 3tu/min at 300 hp.

As stated above, the equalizer performance was below predicted. The
equal izer was unable to raise the oxygen temperature within 25 R of the hydrogen
temperature as desired. Instead, oxygen gas stabilized about 50 to 60 R lower
than the hydrogen temperature of 750 R.

I+ was previous!y mentioned that for the plots of figs. 56 through 359,
cold side temperatures were used for ease of presentation. The hot side values
also were calculated and compared favorably with cold side values as shown in
table 12 for the 300-hp setting in run 180, as an example. The total heat
transferred with hot hydraulic oil at approximately 300 hp was 29 500 8tu/min
as calculated from the cold side and 30 300 Btu/min as calculated from the hot
side, or less than 3-percent variation. For comparison, the predicted total heat
transfer at 315 hp (case 59, ref. 2) was 25 600 Btu/min. For fair comparisons of
test data with computer predictions, variations in inlet Hy and 02 temperatures
and flows and bypass flows in the preheater and recuperator would have to be
accounted for. Thus, in the discussion entitled: Test Data Comparison with
Analysis, test data were simulated in the Hy-02 APU system analysis computer
program.

Overall performance: In the APU-T system tests, steady-state data was
obtained from power ranges of approximately 45 to 350 hp both at sea level and
space simulation operation. Correlations of. propellant flow (Hz and O ) versus
hydraulic flow rate were made in figs. 60 and 61 and compared with predictions
tor al! of the steady-state data available from the entire test series. Data
with both steam ejectors off and on was presented in figs. 60 and 61, respect-
ively. The data was run at a range of Hj temperatures from ambient fo cryogenic.
Propel lant flow was fairly linear as predicted, but higher. Considering the
many test points used in the plot at var ious operating Hp temperatures, the
data correlation was excellent. In figs. 62 and 63, combustor chamber pressure
also was plotted versus hydraulic flow for the two altitude simulations. That
data also was fairly linear as predicted, with chamber pressures running slightly
higher than expected.
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TABLE 12

COLD SIDE AND HOT SIDE HEAT TRANSFER

RUN 180, EVENT 631, HP = 305
Té?;;n Tin, R Téu?, AQ Btu/min

Preheater-cold side 7.537, Hp 53 364 7971
hot side 3.676, Ha 1084 366 9100
Regenerator-cold side 7.537, H»p 364 469 2653
hot side 7.537, Hé 615 496 3016
Hydraulic-cold side 7.537, H2 469 615 3713
0il cooler hot side 89.48 (oil) 743 668 4361
Lube oil=-cold side 7.537, Hy 496 507 281
Ccoler hot side 12.095 (oil) 550 526 125
Recuperator=-cold side 5.750, Hz 507 1263 15102
hot side 12.492 1427 909 13500

(combusted

Ho=02)

Equalizer-cold side 7.537, Ho 733 749 -—-
hot side 4.891, Oz 518 688 -200
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The close agreement of pump performance before and after repair, as shown
in figs 60 and 62, indicates that performance anomalies incident to pump damage
were confined to the run in which the damage was detected. Because of the
tinearity and small data scatter shown in the curves of figs. 60 through 63,
overal| APU performance was extrapolated, both to lower and higher power levels
than tested, with a high degree of confidence. For the overall APU performance
in terms of specific propellant consumption shown in figs. 64 and 65, test data
was extrapolated to a low power setting of 30 hp and to a high power setting
of 400 hp. The specific propellant consumption was higher than predicted
for the two altitude simulations. This would be expected from the previous
correlations of propellant flow and chamber pressure. Both at sea leve! and
space simulation, the APU appeared to be operating about !0 percent higher
than predicted in specific propellant consumption at the high horsepower
fevels. At the low horsepower levels, there was more data scatter, but agree-
ment with predictions at ambient back pressure in perticular (fig. 64) was
exce!lent.

The close agreement between predictions made prior fo‘APU-T system tests
in ref. 2 with different operating flow rates and temperatures, and APU system
tests demonstrated the validity of the predictive techniques employed.

The lowest power level reached in the tests was about 45 hp. To throttte
back the APU-T to a lower idle power level, the electronic stops would have to
be set at their minimum level. Then propellant flows would be reduced until
changes in turbine inlet temperature or turbine speed were observed.

The APU-T back pressures for typical test runs at both 13.4 psia ambient
pressure and space simulation are shown in fig. 66. Test results compared
favorably with predictions. It js particularly interesting to note that in
the space simulation case the two steam ejectors were fully opened and no
changes in valve areas were made during @ run. Thus, predicted back pressures
were attained without ejector flow manipulation.

100



s ' | S : T T
‘ L ) » k t ! L i [ ! Run |
N T * , : T O 90 1
£ —r v\\ 1 J o Tests conducted :
2 g \O- *—— at 13.4 psia withL‘l”—l
by \ ! ! . ‘ , steam ejector off' 120 '
S .. LGN
. ° . - B | (
g, L x\\ : i | ‘ ~%7®1usJ
= ‘ N ‘ . S vi0
L {
& % - \%& , ‘ : ‘ ®18 -
2 B N L ew
Z 3 T ‘ | o ] N !
S L i - 7 . S
o [ i
H H ! { ! , ! ! - -
; 2 ____l___;____l_Predicted for cryogenic H, : —"'"";-—
3 - i " at 14.7 psia ambienltdl.B Lo } ) } { !
2 ! pressure NASA CR-13L4UBS ' !
a [ 1 ' o . ;
: B R
e H Pt i I
- 1 O T B
%] N 4 ! " [ : ! 1
I S DU O R SR I 1
L S NS AN S S [ e 1
Q 100 200 300 Loo

Gearbox shaft power, horsepower

5-gh1€E A

Figure 64.--H,-0, APU Overall Performance at Ambient Back Pressure.

¢ J, ; ! ! | ! ,,,l_;, R L _Tes'ts conducied art_‘v,ﬁil "Run

N T L T 0 psia simulation | O ne_

T ] : ‘ \ ! - with steam o A TN
k= i T T LT T T T TR T T LT T ejector on i 1 0136
& 5 + : — : T l - ‘ ‘L . o O 144 -
< . ; : . ! . [SU SRS SRR SOV AR IR I S P4 L d- @ s

- —|- — — b4 . : -~
2 T T T S B ‘ ® 147
iy ‘ X ] T ) : PR
2 \ 1 I ® 15
Voy — g 1547
c L e ek SRR e S & 160 -
2 L\ 1 ‘ ; ‘ @ 161-
a LN ) R L @ 1863
B AR L SEEaE 8 %
£ E ARO . ‘
o : L T T I
€ | - 4 . ‘ ,.:‘; F:T'--—‘ —
e i ek e/ i
g 2 | : 7 ' ‘ i o
° ; i " Predicted for cryogenic M,
a i ~7 at 0 psia ambient pressure
o 7T NASA CR-13L4ES 4o
- L i S . N
i : ! . b i . B
® U R : S e T MRt
& ; \ b ' ; :

B N RSN DN S N U Cole
S A R S 1 -
Q 100 400
Gearbox shaft power, horsepower
§-gu171 -4

Figure 65.--Hp=0, APU Overal | Performance at Space Simulation.

101



4 v )
"94nSSsaug %989 nNdy €0-CH--'99 ounb) 4
99En6-S dy ‘usmod 3jeys xoquesq
00% 00€ 00¢ - 00l 0
l‘\
em— q
‘I‘\‘Jd
—
e e —
— v Y
I‘TI‘\ i
s
uoile|nus aunssaud judique eisd g ¢
—18
91nssdud jua que e1sd gog) o)
SI|NS24 159
cl
O O O
91
24nssaud jud ) que ei1sd g ——- — ,
. - —joz
24nssoud judque ersd L hl
Suo( 301 pady

eysd ‘aunssaud 33|ul 12np 3sneyxy

102



ANALYSIS OF TEST RESULTS

Combustor

As evidenced from results of component and APU-T system tests, the
hydrogen-oxygen combustor provided efficient and stable combustion over a wide-
range of chamber pressures. Combustor operation, at the fixed oxidizer-to-fue!
ratio in the system tests, was essentially independent of chamber pressure.

For the majority of tests, no problems with combustor ignition were experienced.
In some cof the early system testing, problems were encountered with spark plug
fouling that prevented lightoff or, in some cases, caused a hard lightoff.

This problem was corrected by inspection and replacement of spark plugs when
They appeared to be fouled. The spark plugs used were automotive-type and

were used in the interest of cost reduction. The main problem that did occur

in the APU-T tests was melting of the spark plug tip. :

In the prototype combustor tests and the control subsystem tests, no
probtem occurred with the spark plugs. In the APU-T system tests with the turbine
installed, a spark plug tip was melted.in the initial tests. Melting was caused
by a leak that appeared to develop at the spark plug seal. The combustor was
repaired and modified to better position the seal concentric with the plug
axis. However, the melting reoccurred. Analysis of the hardware and test data
indicated that the cause of the burnout was not the -same as the one previously
exper ienced because the spark plug seal was virtually intact. It was concluded
that the spark plug was breathing the hot products of combustion of oxygen and
hydrogen from the combustor which mixed with the oxygen in the plug and burned.
The electrode end of the plug then became hot enough to initiate an oxygen fire.
To prevent 2 reoccurrence, the combustor was modified from its original design.
A separate line was used to feed propellant to the spark plug rather than
directly from the combustor oxygen manifold. Additionally, two valves were
used to sequence gaseous oxygen or hydrogen to the spark plugs. Gaseous oxygen
was injected during lightoff and then gaseous hydrogen was injected through
the spark plug during steady-state operation. This was done to provide coo!ling
and prevent combustible mixtures within the plug. A nitrogen purge was injected
between oxygen and hydrogen flows.

The above changes were satisfactory for the majority of APU-T system
tests conducted after the moditications were made. Near the end of the system
test program, however, the spark plug tips began to melt, as shown in fig. 67.
The spark plug gas supply valves were checked for leaks or improper sequencing
and found to be in satisfactory condition. Severa! checkout runs were made
to ensure proper gas supply to the plugs. Plug tip melting still reoccurred.

After testing had been terminated, the combustor was disassembled for
inspection. Inspection showed melted areas on the spark plug boss. Also, it
was observed that the oxygen injectors were not concentric with the hydrogen
injectors as in the original assembly. The oxygen injectors were distorted
and discclored by heating.
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Figure 67.--Spark Piug Burnout Damage, Showing
Melting of Plug Tips.
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The case to liner gap indicated in fig. 68 as Hy exit gap, also had
increased about 50 percent because of distortion of the combustor case. This
causes the primary zone temperature to increase and subjects the spark plug to
a higher temperature environment. The rationale for this is as follows:

(1)

(2)

(3)

The

The hydrogen delivered to the combustor bypasses the primary zone
through the cooling jacket (40 percent of total hydrogen flow).

The total combustor hydrogen flow is composed of the sum of the
primary and bypass flows. The total flow is fixed by the power
demand and the turbine inlet temperature.

Therefore, an increase in the bypass flow causes a decrease in flow
in the primary zone. This results in a change in O/F ratio that
gives a higher primary zone temperature.

The increase in the case to liner gap, found during inspection of
the combustor, causes an increase in the bypass flow because the
gap area controls flow.

design primary zone average temperature is 2660 R, which is about

500 degrees below the melting point of the plug. If the primary zone flow were
reduced by about 30 percent, the average gas temperature would exceed the
melting temperature of the plug. Local temperature could exceed the average.
Therefore, it is concluded that the distortion of the case and associated 50-
percent increase in flow area can explain the plug melting problem and the
distortion of the injectors.

The

{1

(2)

(3)

{4)

(5

(6)

spark plug melting problem is summarized as follows:

No spark plug probiems occurred during combustor development or
subsystem testing.

when the turbine was added for the system tests, plug melting
problems were first encountered.

The problem was caused by an oxygen fire within the plug. The fire
was fed by hydrogen breathing into the plug because of pressure
fluctuations in the combustor. These fluctuations were created by
t+he control valve modulation required to hold a constant turbine
speed.

The problem was solved by eliminating the oxygen supplied to the
plug during steady-state operation. Oxygen was used for s¥artup
only.

Spark plug tip melting reoccurred near the end ot the program atter
about 9 hr operation.

Inspection of the combustor revealed that the injectors and the area
surrounding the spark plug had been exposed to high temperature.
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(7) Distortion of the combustor case caused a reduction in hydrogen flow
through the primary zone of the combustor. This increased gas
temperature around the injectors and plug tip.

The test program was terminated before an a++empf'cou!d be made to demon-
strate the solution of the plug problem. The following two modifications are
required:

(1) The combustor case should be reinforced in the region of the cooling
jacket exit, as-shown in fig. 68. This will prevent the jacket exit
area from changing because of case distortion. The required primary
zone hydrogen flow can be proper|ly metered then to prevent high
temperatures. Also, the liner exit lip should be fluted to maintain
concentricity between the liner and the case. The modifications are
defined in fig. 68. The existing copper lip was fluted when the
combustor was disassembled for repair at the start of the system tests.
Tnis was done by coining the existing fip to form the flutes. However,
some of the flutes were worn away because of vibration and relative
movement between the 1ip and case. Therefore, the {ip should be
tabricated from steel to minimize wear.

(2) Oxygen should be supplied fo the spark plug continuously during
startup and steady-state operation. This will eliminate the need
for the sequencing valves to supply the nitrogen purge and hydrogen
to the plug. The supply pressure to the plug and the injectors
should be increased to prevent ingestion of the combustion gas
during pressure fluctuations. The areas of the injectors and the
spark plug exit must be decreased to obtain a higher supply pressure.
Also, the spark plug metering orifice should be removed to provide a
high pressure in the plug.

The injector dimension modifications to doubte the injector velocity head

fol low. These are recommended for the next build. Also listed are The flow

conditions consistent with the combustor design summary of page 6-3 in the
APU Design Report (ref. 1). .

Injector dimensions

o1hd

<+— 0y

| Hr%
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02 Injector

Existing

Recommended

H2 Injector

Existing

Recommended

The existing spark plug gap is 0.051-in. with a 0.10-in.
The required gap with the contro! orifice r
in the plug is prohibitively small (0.0038-
diameter should be reduced to increase this smal |
table compares the existing and recommended spark

Existing

Recommended

108

Tota!
area
in.2

0.0169

0.012

Total
area,
in.

0.057

0.040

Velocity
head,

psid
24

48

Velocity
head,

psid
26.6

53.2

in).

Injector
velocity, D1, (
ft/sec in.
335 0.052
456 0.043
Injector
velocity, 02, D3,
f+/sec in. in. _
1380 0.125 0.157
1805 0.125 0.148

dia electrode.
emoved and full 02 manifold pressure

Therefore, the electrode

Spark plug jet characteristics

gap width,

02__1 D]_l__-

—

P ——

}"'

L Electrode

Jet
Are?, Flow, velocity, Gap,
in. 'b/sec ft/sec in.
0.0083 0.008 N 0.15
0.00157 0.010 " 335 0.010

The following
plug jet characteristics.

]
[
[
D1, - D2, ®
i in.
0.130 0.10
0.060 0.040
o



Turbine

The APU-T calculated turbine efficiency was about 4 to 8 points lower
than the predicted value of 52 to 53 percent over the range of pressure ratios
tested. In the first hot runs of the APU-T, it was determined that the knife-
edge labyrinth shaft seel in front of the first-stage rotor was leaking gas.
Although measurements were not taken to estab!ish the amount of leaked gas, it
appeared to be excessive. Calculations based on measurements affer the test
runs gave between 2.2 to 4.3 percent leakage of the total turbine flow. The
design value was below | percent. The port that vents this leakage to the
recuperator outlet was capped. By inference, the identical labyrinth sea!
between the first and second stages was also leaking.

There are multiple effects on turbine per formance because of increased
leakage:

(1) The leaking gas does not go through the wheels, therefore its work
is totally lost.

(2) Tne leakage decreases the flow through the second-stage nozzle, and
+hus changes the pressure distribution and work outputs of the stages,
reducing overal!l efficiency.

(3) The leakage flow increases the flow deviation angle of the nozzle
jets, which increases the incidence loss.

As an order of magnitude, 1-percent flow leakage would have caused a loss
of | percent in turbine efficiency. Based on calculated teakage, the lower
turbine performance, therefore, was primarily a cause of seal leakage and this
contributed to the higher specific propellant consumptions than predicted.

To decrease flow leakage and thus improve turbine performance, the use of
smaller cel!s in the honeycomb is recommended.

Heat Exchangers

The APU-T system heat exchangers pertformed as predicted with the exception
of the equalizer. The egualizer had been performance-tested in component tests
(Appendix A) and found to be deficient in meeting design requirements. The
departure from design requirements on the oxygen side was attributed to an
inadequate braze joint of the buffer fins to the surface of the plate. This
created increased buffer zone resistance and caused the oxygen outlet temper-
ature of the equalizer to be about 50 R lower than. the hydrogen outlet of 750 R.

In genera!, test data agreed with predictions over the entire horsepower
range, even though test and predicted inputs varied. Simulations of test con-
ditions were made and are reported in greater detfail in a later discussion,. Tes?t
Data Comparison with Analysis. A comparison at a power level of 305 hp is shown
in table 13. The agreement of the computer simulation with data obtained on
both the hot and cold sides of the heat exchnagers was excel lent.
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TABLE 13

COMPUTER SIMULATION OF RUN 180, EVENT 631, HP = 305

AQ Btu/min
Computer Test
Heat exchanger simufation data Side
Preheater 7917 7971 Cold side
9100 Hot side
|’
| Regenerator 2678 2653 Cold side
| 3016 Hot side
Hydraulic oil cooler 3362 3Nn3 Cold side
| 4361 Hot side |
i _
I Lube oil cooler 401 281 Cold side
: 125 Hot side
| Recuperator 13 404 15 102 Cold side
‘ 13 900 Hot side
Equalizer =244 -- Cold side
- =200 Hot side
|

The cooling capabilities of the hydrualic oil cooler and lube oil cooler
also were examined. The APU system specifications for the hydraulic system
were a heat sink capability of 5000 Btu/min at 400 hp. Testing with hot
hydraulic oil operation was only conducted to the power level of 300 hp with
hydrogen cooled to LHz temperatures. In tig. 58, the hydraulic oil cooler and
lube oil cooler transferred about 4000 Btu/min at 305 hp. Extrapolating this
data to 400 hp would indicate a heat sink capability for the hydraulic system
of 4700 Btu/min.

System Analysis

The APU-T system was analyzed using a digital computer simulator. The
simuiation was capable of calculating either steady-state or transient solutions

to the system and sizing and evaluating component performance for the comp lete
system operating range.

The APU-T control design shown schematically In fig. 69 was mechanized in
the simulator to verify stability and predict transient performance. The simuy-

lation has the capability of calculating the pressures and temperatures at each
of the engine stations shown in the tigure.
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A detailed writeup of the computer simulator was given in ref. 1. The
following is a brief description of the computer program and its main functions.

The simulator is constructed by the use of a main subroutine that reads
the control data cards. The data cards are of two types: (1) data to be used
during a solution, and (2) solution types (bypass, no-bypass, design point,
off-design). The mode for data (to be used during a solution) is used to
define boundary conditions or to scale particular components within the system.
Solution-type data are used to select the dependent relationships to be
satistied and the independent parameters to be manipulated to satisfy the
dependent conditions.

The ‘steady-state solutions are obtained by the use of the boundary
specified by various data cards and the required conditions for the particular
solution desired. The main subroutine then dimensions the matrix required for
the solution and establishes the particular independent variables and dependent
relations to be used during the solution. The next step is to call a sub-
routine that solves a set of algebraic equations using a modified Newtonian
technique (NEWTON). This, in turn, calls an external subroutine, which is
specified in its argument |ist to determine the algebraic relationships between
the various independent and dependent variables. The dependent relations are
written in a form that allows NEWTON to drive the dependent vector to the
crigin.

The two primary uses for steady-state solutions were: (1) initial design
performance of the system, and (2) to set the initial conditions for a transient
solution. The transient options of the APU simulator were developed for the
controls analysis work. The options were used to identify the control transfer
functions of the APU. The control verification and the dynamic per formance
parametric studies were used to establish the sufficiency of the various control
systems and to study the effects of various components on the APU performance.

The valving (six valves) of the APU-T system was constrained in such a
way that there were only four independent forcing variables in the system. The
preheater bypass valve and the preheater series valve were programmed as com-
plementary; that is, the area of the preheater bypass plus the area of the pre-
heater series valve was a constant at 0.477 sq in. The same arrangement was used
for the series and bypass valves relating to the recuperator,

The four independent engine variables were: (1) oxygen flow control,
(2) hydrogen flow control valve, (3) preheater bypass valve, and (4) recuperator
bypass valve, as shown in fig. 69. The four independent variables allowed con-
tro! of four engine relationships. The four parameters selected were turbine
speed, turbine intet temperature, the temperature of the hydrogen as it enters
the hydraulic oil cooler, and the temperature of the hydrogen as it enters the
combustor.

The simulator was used to predict the steady-state per formance of the
system and to provide data to size the valves and heat exchangers. The cases
were run and specific propellant consumption as a function of power leve! was
predicted (ref. 2),
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The system simulator provided data for scheduling T32 (hydrogen temperature
at the inlet to the hydraulic oil heat exchanger) as a function of the lube oil
temperature. This schedule was necessary for two reasons: (1) the temperature
of the hydrogen on both sides of the regenerator is about equal as it exists,
because of the parallel flow design, and (2) at high altitude the hydrogen flow
decreases because of the increased pressure ratio across the turbine. The total
effect is to reduce the hydrogen cooling available to the lube oil. To improve
cooling, the temperature is reduced from 460 to 400 R from the regenerator as
the lube oil temperature rises from 650 to 700 R. This effect comes into
operation only at a long-duration idle at high altitude.

The final use of the steady-state operation of the simulator is to select
an operating point that will be used for the starting point of a transient.
The steady-state solution provides the initial conditions for the differential
equations that describe the dynamic portion of the system. The valve positions
that result in the steady-state solution provide data needed to initialize the
difterential equations in the control.

The first use of the transient capability of the computer simulation was
to identity the control transfer functions for the APU. The method used to
identify the transfer functions was to start from steady-state and to step one
of the contro!l valves 5 percent, then plot data on the control parameters.
Then a rate of steepest descent technique was used to adjust the parameters of
a differential equation of the proper form to yield a minimum error.

The control system design was based on the transfer functions that were
derived. The control system was mechanized on the computer in the same form
as the hardware was to be built. This enabled the system performance with
the control system to be predicted. The primary information derived was the
stability margin of the contro! system during targe fransient disturbances.
The primary disturbance is a load change of the hydraulic system.

Test Data Comparison With Analysis

The APU-T system test heat exchanger performance and overal!l per formance
was compared with computer predictions in the previous sections. The APU-T
predicted performance was taken from the computer runs tabulated in ref. 2 as
computer cases 568, 578, 588, 59, 60, 61B, 628, 638, 64, and 65. The first
five cases were run at O psia ambient pressure, the last five, at 14.7 psia
ambient pressure. The computer predictions compared favorably with test results.

These computer cases were not an exact simulation of APU-T test conditions,
although they were close. For instance, tests were made with ambient oxygen
instead of cooling it to 300 R as run in the computer cases. Also, the equalizer
outlet temperature was 750 R for both hydrogen and oxygen for the majority of
computer cases, whereas in the APU-T tests, the oxygen outlet temperature was
50 to 60 R lower at 690 to 700 R. Hydraulic oi! and lube oil temperatures also
were different in the APU-T tests as wel! as ambient pressure (0 psia simulation
and 13.4 psia for sea level operation). Therefore, an attempt was made to
simulate more closely the APU-T test conditions.
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An exact simulation of the APU-T tests would have required major
modifications to the computer program to account for different component per=-
formance than originally programmed. Simple modifications were made to the
computer program so that all of the following test conditions could be input:

(1) Hydraulic oil inlet temperature at the hydraulic oil cooler
(2) Lube oil inlet temperature at the Iube oil cooler

(3) Hydrogen inlet temperature on the cold side at the hydraulic oil
cooler

(4) Hydrogen and oxygen initial temperatures and pressures
(5] Ambient pressure

(6) Hydrogen inlet temperature to the combustor

(7) Test power level

Computer simulations were made primarily for temperature comparisons at
each of the stations in the APU to determine how closely heat exchanger perform-
ance was predicted. The test results from run 180, event 631, at a power level
ot 305 np, was the first case simulated in table 14. Test temperatures and test
heat transfer were also shown in this table for ease of compariscn. The agree-
ment with test results was excellent. Simulations also were made for the heat
transfer data from runs 154, 160, and 170 previously shown. These computer runs
are shown in tables 15 through 22. Unfortunately, the hydraulic oi! inlet
temperature to the hydraulic oil! cooler was incorrect so this value had to be
guessed in the simulations. Nevertheless, the overal! agreement with test
results was fairly good over the power range from 58 to 300 hp. The agreement
was better at higher power levels as a result of more stabilized temperatures.

The good agreement between test and computer-predicted temperatures at the
various SSAPU stations showed that the heat exchanger .performance could be
closely simulated. These simulations indicate that overal! heat exchanger
performance for the complete system operating range could be predicted with a
high degree of confidence by use of the computer program.

To utilize the simutator for scaling the APU up or down in power, the
components would have to be resized to meet system requirements. The sizing
of the components would require that the nonlinear effects of the components
be used, including major second-order component effects within the system.
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CONCLUSIONS AND RECOMMENDATIONS

~ Based on the results from 10 hours of system tests including 145 hot
starts, the following conclusions can be drawn:

(1) The hydrogen-oxygen APU design developed under this program would
be capable of furnishing Shuttle hydraulic power and performing
hydraulic system cooling in a satisfactory manner consistent with
currently known Shuttle requirements. However, the power level
‘would have to be scaled down. The computer simulator model will be
useful in the construction of a scaled-down prototype APU,

(2) The overall performance was near the computer simuiator model
predictions. Specific propellant consumption was 2.25 Ib/hp=hr at
95 percent power and 4 |b/hp=-hr at 10 percent power with space-simulated
turbine exhaust conditioning, and 5.2 Ib/hp~hr at 10 percent power
and ambient turbine exhaust conditions.

(3) System startup to full power can be accomplished in abou? 1 to 2 sec,
and the controller can perform the entire start sequences automatic-
ally.

(4) The electronic controller maintained turbine speed within the 1 per-
cent specified limit during steady-state cperation.

(5) The electronic controllier maintained turbine inlet temperature within
40 R during steady-state operation and within 80 R during power
transients of 150 hp.

(6) The electronic controller through the preheater bypass valve main-
tained the hydrogen temperature into the lube and hydraulic coolers
netween B60 and 920 R as required to prevent congealing or freezing.

(7) The electronic controller through the recuperator bypass valves
maintained the combustor inlet temperatures near the 750 R set point.

The following recommendations are made for future APU improvements:

(1)  The honeycomb seails on the turbine should be redesigned fo reduce
seal leakage.

(2) The combustor case should be redesigned to be less subject Yo
distortion, and the spark plugs should be redesigned to prevent
"spark plug cavity breathing and the resultant overheating.

(3) The oxygen pressure regulators should be replaced by eléc*ronically

controlled pressure regulators to increase response time. This will
permit elimination of the oxygen accumutator from the system.
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APPENDIX A
SUBSYSTEM TESTS
Combustor Tests

A series of development tests were conducted to verify the APU-T combustor
design. The main objective was to obtain efficient combustion of a fuel-rich
hydrogen-oxygen gas mixture within a minimum L*. To verify combustor design
performance and meet performance ob jectives, the development effort consisted
of: .

(1) Configuration development - injector AP, #low distribution, opera-
tional checkout

(2) lIgnition development

{3) Gas sTreém temperature profile determination

(4) Chamber wall thermal mapping

(5) Performance mapping = steady-state |imits, lightoff limits

The hydrogen~-oxygen combustor used in +he development was as shown in
fig. 6. The combustor was fabricated entirely of Type-347 corrosion-resistant
steel except for the copper liner assembly. This prototype unit was built in
several pieces and bolted together to facilitate examination, modification, and
assembly. The only hardware modification required during testing, however,
was to reduce the spark plug gap from 0.035 in. to 0.015 in. to obtain a spark
at the higher operational pressures (200 to 300 psia before ignition). After
these component development tests, the prototype unit was reworked and welded
together for use in APU-T system tests.

Pressure measurements were taken to determine injector pressure drops,
lightoff limits and combustor chamber pressure. Thermocouples were installed
on tne combustor walls to determine if design requirements were exceeded.
Thermocouples were also located in the combustion chamber to determine gas
stream profiles. An addition, the copper liner and combustion chamber, were
coated with a thermal paint as an indication of maximum temperatures reached
during testing. Instrumentation was recorded primarily on an oscillograph
tape.

The combustor met all design performance requirements. Combustor test
results were reported in ref. |I; some of the key results are summarized below.

Lightoff Iimits.--The combustor was ignited and performance-tested
over a range that exceeded the specified operational envelope of
the test plan. Originally, the combustor was titted with a spark
plug with 0.035-in. electrode gap. Using this plug, it was found
That the combustor failed to ignite at unlit chamber pressures in
excess of 240 psia. A review indicated that a gap ot 0.035 in. was
foo great; therefore, a spark plug with a 0.015-in. gap was used
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instead and successful ignition was achieved under all conditions
attempted. A summary of these conditions is presented in fig. 70,
which shows successful ignition at points completely surrounding the
APU operational envelope. The typical design points plotted were
taken from a compitation of system computer runs.

Characteristic velocity (C*).--The characteristic velocity as deter-
mined by the test data is shown in fig. 71. Characteristic velocity
was determined by the equation:

PA
R
W
AJr = AngR
where Ag = geometric area of throat, sq. in.
fTR = influence factor correcting for change in throat

area caused by metal temperature change during
tiring

This was plotted against a background curve of theoretical! C* provided
by NASA for propellant inlet temperature of 530 R.

Gas stream temperature profile.~-The gas stream profile was mapped

by means of four thermocouples located 4.25 in. downstream of the
injectors as shown in fig. 72. During the test sequence, the injector
head and copper liner were rotated through five circumferential
positions to provide for 20 temperature data points under each test
condition. The location of each of these data points with respect

to the injectors is shown in fig. 73. These results showed that

the combustor and cooling gases were well mixed by this point.

Combustor exhaust temperature.--Combustor exhaust temperature data
were obtained as shown in fig. 74. The measured values compared
favorably with theoretical exhaust temperature.

Heat Exchanger Tests

Prior to -installation in the APU-T test system, the H2-02 APU heat
exchangers (See fig. 9) were sujected to standard production acceptance tests.
Performance tests of only the temperature equalizer were conducted using water
as the test fluid. Although the slightly tapered construction of the heating
equalizer cylinder should have promoted intimate contact, the efficiency of
the brazed buffer fin joints was unknown. For the other heat exchangers,
the performance prediction was not in question.
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The tests conducted are summar ized as follows:

Pressure Het ium mass Isothermal

proof spectrometer pressure
Comgonen# pressure ieakage drop Per formance
Temperature equalizer X X X -
Preheater, regenerator X X ' X ' -
Lube 0il coolers X X X
Recuperator X X X

Performance test.--Performance of the temperature equalizer was as shown
in fig. 75. The achieved per formance was approximately 15 percent below pre-

dicted. This was illustrated in the nhA curve. For the purpose of analysis
and comparison, the entire buffer zone resistance was built into the oxygen
side. It is believed that because of incomplete brazing, there was increased

butfer zone resistance. The entire shift in the nhA curve is attributed to
the oxygen circuit.

Acceptance tests.--Analysis of acceptance test data indicated that the
heat exchangers met requirements with the exception ot the equalizer. |sother-
mal pressure drops were stightly below predictions for the hydraulic and lube
oil coolers (a maximum of |5 percent in the hydrogen circuit for one unit)
and closer to predicted for the preheater, regenerator, and recuperator. e
Neither gifference was sufficient to significantly affect nhA predictions. '

Turbine-Gearbox Tests

The turbine-gearbox tests were conducted to assure that the unit was
adequately lubricated, properly assembled, and capable of operation throughout
the SSAPU speed range. The tests were scheduled to be conducted before the
turbine was brazed into the APU-T system so that operational problems could
be corrected without affecting the APU-T test schedule.

For the tests, the turbine-gearbox assembly was mounted on a 0 to 6000
rpm dynamometer test stand. The dynamometer drive was connnected to one of
the pump drive pads with a splined quill shaft; the other pad was covered.
Lubricant was supplied to the turbine-gearbox from the same facility equipment
that was later used for the APU-T system tests. Three accelerometers were
mounted on the unit to measure self-induced vibration. The test setup is shown L
in fig. 76.

For the tube oil flow verification, lube oil was flowed at 100 psi through
each of the five inlet circuit ports, A, B, C, D, and E on tfig. 76, to assure
each had sufficient flow for lubrication. Orifices on the inlet were ad justed
as required to obtain the desired flow distribution with results as shown in ¢
tables 23 and 24. Various orifices were used in circuit E (intet to the
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Overall heat transfer conductance (ThA), Btu/(min)(oF)

100

80

60

Lo

30

20

10

| ___Notes: I W
1. 02 isothermal at 481 R
2. 02 inlet pressure = 669 psia
3. 0, IhA includes buffer resistance
4, H-2 isothermal at 698 R
| 5. H2 inlet pressure = 503 psia P
/ -
o
e><°ge
i
4
//
o —
_— : ' _—____;4
‘v””’ | . b—E?———“—’—Gr‘
4 .6 .8 1 2 3 4 6 8 10
Flow, lb/min §-9L912

Figure 75.--Heat Transfer Conductance, SSAPU (Based on Test Data).
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TABLE 23

LUBE OiIL FLOW

Lubricated Flow rate, gpm B
Circuit Designation part: Predicted Measured
A PA-86964 - Qutboard 0.16 0.13
pinion
B Gearbox Pump drive 0.20 o.M
back gear
C Gearbox Inboardvpinioh 1.07 0.46
front planet journals
sun gear
D Shaft Turbine shaft 2.22 2.23
(cooling)
E Turbine Turbine bearings 0.24 0.30
3.89 3.23

TABLE 24

OPERATING CAPABILITY TEST SCHEDULE

Input speed,

Turbine speed,

Dwell time,

rpm* rpm min
500 6274 23
1000 12 547 7
1500 18 821 13
2000 25 094 6
2500 31 368 5
3000 37 642 17
3500 43 915 5
4000 50 189 5
4500 56 462 7
5000 62 740 5
5253 65 915 4
Total 79

*¥Measurements within +3 rpm
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turbine bearings) Yo determine the optimum (minimum bear ing temperature chanqe
and maximum heat rejection) lube oil -flow at nominal SSAPU operating speed.
Results of these tests as shown in fig. 77 indicated that the optimum lube
flow was 0.7 gpm. Therefore, the choke orifice at port £ was removed.

For the subsequent operating capability tests, self-induced vibration
and audible noise were observed during an excursion through the SSAPU *urbine
speed range; the nominal turbine speeds and the dwell times at each are
tabulated in table 24. No excessive accelerations or audible noise was observed
and measured turbine bearing and lubricating oil temperatures and fiow rates
assured adequate turbine-gearbox lubrication for the subsequent APU-T system
tests. A gearbox loss of 28 hp was calculated from the dynamometer tests
(tig. 78).

changes in the turbine-gearbox incident to the turbine-gearbox test
program which were incorporated for the APU-T system tests are descr ibed below.
Port designations correspond with those shown on fig. 76.

Port A--Port A, originally a part of Port 0, was added to separate
turbine flow from gearbox flow for individual measurement.

Port B--Port B, originally a single inlet dividing intoc separate
Jets to lubricate each pump drive gear, was made into two ports,
each connecting to the gear through a separate removable bayonet
with its own oil filter and jet, permitting individual measure-
ment of lube oil flow to each gear and easy removal for cleaning
if necessary.

Port E--Port E, the turbine oil inlet, originally contained an
0.033-diameter orifice before dividing into the rear and front
bearing flow passages. This orifice was removed to increase flow
to the bearings.

Control Circuit Tests

Each circuit board was tested to verify that its functional characteristics
were acceptable. The chassis mounts also were checked for proper functional
characteristics. Typical procedures were as follows:

Al. The Al board contains the thermocouple amplifiers for the turbine
inlet temperature, plus overtemperature comparators. This card
required a calibration to compensate for any initia! errors. The
circuit card was connected to a breakout box and the appropriate
power sources were connected. An equivalent millivolt source was
used to simulate the thermocouple signals. The test resuits are
tabulated below.

Temperature TIT (control) TIT (overtemperature)
1000 R (2.500 V) 2.495 V 2.500 Vv
2000 R (5.000 V) 4.991 Vv 4.994 v
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F-21532

Figure 78.--Turbine/Gearbox Mechanical Drive Test Setup.
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A2. The A2 card contains the thermocouple amplifiers for lube oil, Tzs,
and Teca- The test and calibration procedures were the same as those
for A1. Results were:

Temperature T32
350 R -0.406 V
'400 R : 0.055 V
460 R 0.659 V
500 R 1.086 V

Temperature ISa
600 R 2.0214
700 R 3.052
800 R 4,049
900 R 5.044

Temperature Lube Oil

600 R 3.021
650 R 3.523

700 R 4.025
750 R 4.520

A3. The A3 card contains the turbine inlet temperature control loop.
This card was tested similarly to the two previous circuit cards.
Power sources were connected and adjusted to simulate condition
signals with the following results: '

TIT set point | Ad just pot setting
964 R | 0.0000
1465 R | 5.000
I95§ R , 10.000

A4. The A4 card contains the precision 5 V 0. percent power supplies
used in the computation and contro!l toops, and the modulating power
source for all of the LVDT's and RVDT's for angular and positional
feedback loops. These circuits were calibrated to within accep-
table limits.

147



A5. The A5 card contains the turbine monopole signal conditions.
Tabulated below are the test results.

Ncon*rol Crpm) VouT

10 000 0.797
20 000 1.593
40 000 3.182
63 000 5.008
Noverspeed (rpm) Vou’r

10 Q00 0.796
20 000 1.591
40 000 3.181
63 000 5.005
68 000 5.396

A6, AT. The A6 and A7 cards contaln the position control for the bypass
valves. The boards were tested and performed to expected Iimits.

AB, A9. The A8 and A9 cards contain the position control for the H, and
0z flow control valves. The boards also contain the combustor
pressure transducer signal conditioner. To callbrate the
transducer, the actual! device to be used was connected to the
circuit card and calibrated.

A0, The A10 card is used to provide signal conditioning for the RVDT's
and LVDT's. The final board calibration was pertormed at the
test facility to obtain the proper match between signal conditioner
and transducer.

All - Al6. These cards contain circuits that did not require calibra-
tion, but each was tested to verify Its performance. The cards
provided for start-stop logic, hydrogen and oxygen control loops,
instrumentation interface, buffer amplifier, and failure monitor.

Chassis.~-The chassis subassemblies provided solenoid drivers, spark
detector and relay drivers, +15=V regulated power suppiies, and the power
amplifiers necessary to drive the flow control and bypass valves. All of
these subassemblies were tested prior to chassis installation.
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Control Subsystem Tests

The control subsystem test series used a turbine analog in place of the
turbine and a dummy turbine inlet torus to permit extensive testing and evalua-
tion of the combustor and its control system. The turbine analog was a black
box with turbine performance and inertia built into it. The control subsystem
test setup is shown in fig. 79, which includes a closeup view of the instru-
mentation used. Combustor inlet pressure and temperature were input and
hydraulic loads were simulated to check turbine response characteristics.

The tests were run with the combustor, and turbine inlet (simulated by the
dummy torus) pressure and temperature were sensed and fed into the turbine
analog.

The test series had two principal objectives:
(1) Check out the control circuit and prove that it would control +he
turbine inlet temperature to acceptable levels for all operating

conditions; if it would not, develop improvements that would assure
control.

(2) Calibrate the turbine inlet thermocouples used for the control
system. :

The ob jectives of the test series were met; that is, turbine inlet tem-
peratures were controlled to acceptable levels, and the thermocouples were
calibrated. However, improvements in the hydrogen control valve were made
after the torque motor had failed repeatedly to meet response requirements,
Rep lacement of the torque motor .with a samarium cobalt dc motor improved
response and assured control system stability during demonstration tests.

Test setup.--The control subsystem test. setup is shown in fig. 80. This
setup reflects improvements in the control subsystem developed during the con-
trol subsystem tests, a principal test objective. These improvements are
described later under Test Results.

There are seven forcing functions for the controller:

(1) Hp inlet temperature

(2) Turbine load

(3) Hz inlet pressure

(4) Turbine exhaust pressure

(5) 02 inlet temperature

(6) 03 inlet pressure

(7) Heat load
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Figure 79.--Control Subsystem Test Setup and Instrumentation.
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Only the turbine load was simulated in the turbine analog to check out
the control subsystem.

The other forcing functions were eliminated for the following reasons:

(1) Hydrogen and oxygen inlet temperatures: Propellant inlet temperatures
throughout this range were not expected to have significant effect
upon the turbine inlet control circults.

(2) Hydrogen and oxygen inlet pressures both have negligible effect on
the system because they are regulated within a few psi. Interactions
between the oxygen pressure regulators and the accumulator were
included in the test system, and the results were closely examined
for possible interactions.

(3) Turbine exhaust pressure: The effect of exhaust pressure changes
was included in turbine load input.

(4) Heat lcad: Reflected only in Hy inlet temperature,

The test matrix in table 25 was used to simulate steady-state loads from
0 to 400 hp and transient operating conditions.

Control subsystem testing and results.--Prior to the hot testing with the
combustor, the torus nozzles were flow checked by flowing hydrogen through the
setup. A total effective area of 0.15 sq. in. was obtained by adjusting the
size of nozzle openings. The NASA V6 hydrogen venturi was used for the
calibration.

The two control subsystem thermocouples were calibrated against the average
temperature indicated by the six Thermocouples inserted through the torus
discharge nozzles. The flow around thermocouple ends was choked so no heat
transfer would occur between the thermocouple bead and connecter. The true
gas temperature in the torus was obtained using this method. .

Initial tests were conducted to calibrate the flow control valve in the
Ho and 02 circuits and to check out operation. Accumulators were added to the
H2-02 supply lines to attenuate pressure regulator response to changes- in
line pressure.

A second series of short duration operations at lower pressure and
temperature to establish start capability revealed oxygen backflow and over-
heating of components located downstream of the oxygen shutoff valve. After
exper imentation with the oxygen check valve location, the check valve was
eliminated and an additional oxygen shutoff valve (equipment identification
190, fig. 76) was added between the combustor and the control valve. Retention
of oxygen at approximately 500 psig in the area between the two shutoff valves
effectively prevented backflow. Additional control changes made to prevent
inadvertent shutdown during start included increasing the TIT limit rate by
a factor of 2, increasing the Delta TIT |imit to 120 R, and increasing the
delay time on control valve position versus commanded position from 20 to 40
msec. :
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TABLE 25

COMBUSTOR AND CONTROL SUBSYSTEM
CLOSED LQOOP TEST MATRIX

Turbine Test
load hp condition
(anaiog number
setting)

o O 1

+—

o]

% 100 2

>

B 200 3

o

-+

Y 400 ) 4
0-100 5
0-200 6
0-300 7
0-400 8

[g]

v

R

3 100-200 9

2 100-300 10

g 100-400 1

O
200-300 12
200-400 13
300-400 14

3l oad cycling was varied from Q0.1 to 1.0 cps

dur ing each test.




Other improvements to the control subsystem include:

(1) Changed the filter time constant in the spark detection circuit
to be compatible for a spark rate of 60 sparks/sec.

(2) Changed the feedback error detector circuit to eliminate nuisance
shutdown.

(3) Developed a2 circuit to incorporate a 15-sec delay before the hydrogen
shutoff valve was closed to permit hydrogen flow to coo! down the
combustor and the turbine area.

(4) Developed a circuit to lower combustor pressure setpoint in normal
shutdown to 50 psig. 1t was found by later analysis that the
original setpoint at (00 psig might overspeed the turbine with
cold hydrogen operation.

Valve development.--A 5-Hz oscillation of the 02 control valve noted during
steady-state operation was eliminated by reducing the temperature loop gain (by
a factor of 4) to agree with control design. Subsequent operation dupticated
the previous conditions (75 percent power, 1920 R, and 500 psig) with no O3
control valve oscillation and no temperature overshoot or undershoot.

The steady-state tests also revealed 50-Hz oscillations of the H2 control
valve, which increased in amplitude with decreasing power. Investigative open
and closed loop tests isolated the instability to mal functioning of the hydro-
gen valve torque mctor, and/or an improperly positioning LVDT in the hydrogen
or oxygen flow control valve. Subsequent operation at zero-to-100 percent
load and combustor temperature settings up to 1660 R caused no reduction in
the instability. '

Open and closed tests to determine H2 valve characteristics indicated
that flow at iow-flow conditions tended to close the valve, thereby reauiring
greater operating signals to obtain operating position resulting in a very high
gain at high flows where the closing effect was less pronounced. Attempts to
improve vaive performance with increased spring rate indicated the torque motor
could not fully open the valve. The torque motor was undersized. Its torque
tube, which provided the restoring force for +the actuating arm and also served
to contain the Hy gas pressure, failed repeatedly. The dry torque motor using
a forque tube was then abandoned, and the valve was modified to be actuated
by a rotary etectric drive motor.

The electric-motor drive was a rare-earth-cobalt, dc-motor-type (see
tig. 24). Subsequent tests showed that the electric-motor driven H2 control
valve maintained combustor temperature and turbine speed within acceptable
limits. This valve configuration was used for the remainder of the program.

Test results of fhe electric-motor drive system are shown in figs. 8l
through 84, The data show valve response to the command position faster +han
that of the 0, valve, causing an increase in O/F ratio and turbine inlet
overtemperature during a transient. This problem was solved by increasing
the volume of piping between the valve and the combustor. The hydrogen valve
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LVDT
Position
Output

Command
Position

LVDT
Position
Qutput

Command
Position

(0,02 sec/cm

Note: e No flow .
e Closed loop b. 10 Hz F-21397

Figure 81.--Response Tests on Electric-Motor Driven Hp Flow Control Valve.
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Command
Position

LVDT

———— Pos it ion
Qutput

Command
Position

Note: o No flow ~——0.,02 SEC/CM

@ Closed loop b. 20 Hz F-21398

Figure 82.--Response Tests on Electric-Motor Driven Ho Flow Control Valve.

156



LVDT
Position
OQutput

Command
Position

—_— \«-—1 sec/cm

a. 0.1 Hz

LVDT
Position
Qutput

Command
Position

— 0,1 sec/cm

Note: @ No flow
e Closed loop b. 0.1 Hz F-21400

Figure 83.--Response Tests on Electric-Motor Driven Hy Flow Control Vaive.

157



LVDT
Position
Output

Command
Position

- ' 0.2 sec/cm

a. 10 Hz

LVvDT

e Pos it ion
Output

Position

Note: e Cold air flow
e Closed loop b. 1.0 Hz F-21399

Figure 84.--Response Tests on Electric-Motor Driven Hy Flow Control Valve.
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was moved upstream about 15 in, which increased the blowdown time of the
volume between the valve and the combusfor. thereby decreasing the transient
0/F ratio.

Control subsystem demonstration.--Steady-state operation of the revised
control subsysfem showed stable operation during {0-sec dwells at O, 25, 50,
75, and 100 percent load. Thermocouples located in the simulated first-stage
turbine nozzles read 1960 R during steady=state runs. ,

During transient operation with 25-percent load changes, the maximum
variation in TIT was 78 R for the change from 25 to O percent load. Figures
85, 86, and 87 show the subsystem dynamic.performance for 25-percent load
changes: . 0 to 25 to O percent, 25 to 50 to 25 percent, and 50 to 75 to 50
percent. .

Control subsystem testing conducted from March through July 1974
accumulated 37 min run time and resulted in a subsystem capable of controlling
the APU-T system,
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APPENDIX B

DATA REDUCTION EQUATIONS

This appendix presents the calculations used to reduce the Hz-0p APU-T
test data. Necessary curves used in the data reduction are presented following

the equations.
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Pertinent Equations

ident : |
No. Equation Data used Units
101 Hydrogen weight flow ' P, = RP67 + B 1b/min
2 (E T | o
2 ] \ 1 P ] I f DHES <« 10
A= (.2725)° n/k = 0.05832 in.> P, = P, - DLES
C, = use CurVe® |F DHES > 10
K= 1.41 P2 = P] - DH69
g = 32174 ft/sec2
R=772 ft/ R
B = barometric pressure, lb/in.2
102 | Oxygen weight flow P, = RP66 + B 'b/min
e A AT
2 A 1 ! | f DHEB < 10
A= (.0905)2 /4 = 0,006433 in.z P2 = P1 - DLES
CD = use curve<::> I f DHEB > 10
K= 1,40 P2 = P1 - DHé68
g = 32.174 ft/sec2
R = 48.25 ft/ R
B = barometric pressure, lb/in.2
103 | 0/F ratio Same as for -

0/F=/

() e (@)
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Pertinent Equations (Continued)

tdent
No. Equation Data used Uni ts
104A| Pump or gearbox shaft horsepower T = LT2 hp
hp = f (G, T} ' |
Lriteria & hp G = LQ2 or SQ19
as defined from
SQ19 < 4.5 - a criteria
SQ19 > 4,5, LQ2 < 20 SQ19 b
5Q19 > 4.5, LQ2 = 20 <« 82 LQ2 c
SQ19 > 4.5, LQ2 > 82 LQ2 d
~hp equations -
a 31.5 see —
b 2.065G + 30.7 @
c 2.367 G + 24.6 N
d 2.442(G-82) + 211.5
Note: Above equations valid at test points.
Horsepower ambiguous near 82 gal/min.
Above only used up to run 184,
Past run 184 use following:
hp equations
a 27.6
b 2.1706 + 27.6 see
c 2.323G + 24.5
d 2.237(G-82) + 213.5
These derived in similar manner to those ir»(i:)
105 Specific propellant consumption Same as for -FﬁggF—

‘l:> —f ‘l:b x 6

10LA

SPC = 0
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Pertinent Equations (Continued)

3 000

hp_33 ooo =

ldent
No. Equation Data used uni ts
106 | Heat of rejection Same as for Btu/min
hr = c, w02 ¢, = 6438 Btu/1b
¥, -
107 | Turbine inlet molecular weight Same as for —b_
1b-mol
MW = 2.016 (1 + 0/F) = 2.016 (1 + )
160 | Specific heat ratio Same as for -
vy = f (0/F) = f () use curve@
108 | f&rbine pressure ratio P, = SP62 + B -
PR = p]/P2 P, = SP6L4 + B
B = barometric pressure
109 | Adiabatic head Same as for ft
H o= ar{ L
Fad AT(YH)
o Lyl ! - ! T = sT62
- -( _2.) Yoo o (= ‘IID
A=f (0/F) = f () use curve
(110 " Turbine flow Same as for 16/min
¥= g, + iy = () -
0, H
1 Turbine input horsepower Same as for hp
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Pertinent Equations (Continued)

Ident
No. Equation Data used Units
112 Lube oil flow =-5083 + SQ85 ‘|lb/min
] (turbine)gearbox)
W = Gp
p = 10,195 - 3,511 x10-3T from curve@ T=8ST17
113 Heat rejection to lube oil SQ83 Btu/min
Q= (WTATTCP + WG ha TG CP ) SQ85
T G
. _ . -3 -
WT = SQ83pT pT = 10.195 3.511 x 10 TT T sST17
A TT + T
C = 0.255 + 3.43 x 10 T, = ST84
PT 2 T
M =Tp = T T, = ST86
3
WG = SQBSpG
= 10.195 = 3.511 x 10737
PG . . G curve
¢ = 0.255 +3.43 x 107} (I—G—i—T-)}@
P 2
G
ATG = TG -T |
or, WG ATG CPG = 42,5 x
114 | Turbine horsepower (AT method) Same as for hp
C
— P
hp k2.5 W AT ‘ .
' = §T62
¢, =f (0/F)=f(.)see@ Tin = %7
T = ST65
. ~ ) ouT
W= 110 AT = T(N TOUT
115 |[Turbine horsepower (mechanical method) Same as for hp
v @ - @ ® O
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Pertinent Equations {Continued)

|dent
No. Equation Data used l Units
116 | Turbine horsepower (heat rejection method) Same as for hp
hp = o (Q. + Q)
Poi2.5 N Ty @
%~ @
% = @ "
3~ @
117 | Turbine efficiency (AT method) T, = ST62 %
n - 10047 T, = ST65
T T1 VET Same as for
AT:T1 -Tz
;{T = see ‘IID
118 | Turbine efficiency (mechanical me thod) Same as for %
“T =@: 100 @) 3
119 | Turbine efficiency (heat rejection method) Same as for %
”f@l“"" )
120 | Hydraulic hp POUT = LP hp
hp = CAP PIn = LP2
1714 6 = LQ2 or 5019
- - as defined from
&P = PFour PIn criteria
=SQ19 if LQ2 < 20 |
G =102 if LQ2 > 20 !
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Pertinent Equations (Continued)

|dentv(

Units

- -

No l Equation Data used
T . .
121 | APU mechanical losses hp
!
121B{hp=@ ‘/100- =@ /42,5
121D | hp = @ . = WC, AT)turbine - pump shp
121E jhp = @x 118) /100 - @
= pump shp + heat rejection to lube oil hp
- pump shp from heat rejection from hydraulic
oil to H0
2
e @ - @
= (w-CP AT)turbine - heat rej. to H20 hp
122 ! pump shaft hp (oil heating method) Same as for hp
e o @ ®
= +
U @ @
123 |Hydraulic flow rate through cooler T =LT2 Ib/min
W = Gp G = SQ19
o = 9.55 ~ 0.004T7 from curve@
124 | Recuperator cold side flow T, = STLS 1b/min
oo (B2, T2 = stuy
W, = W
R T2 - T1 H2
T, = ST5!
. 3
b, = (@) (o)
k. (o
125 |Recuperator bypass flow @ Ib/min
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Pertinent Equations (Continued)

ldent
No. Equation Data used Uni ts
126 | Preheater hot side flow T, = ST51 1b/min
(T, - T,) T, = ST56
W = 1 W 2
Py - sz Hy Ty = ST57

)
H,

127 | Preheater bypass flow 101 Ib/min
"B ~ ‘II’ - ‘II’

128 | Heat exchanger effectiveness HX # (preheater)| T, = ST27 -

T, - T, T, = ST31
Cold side eff. = T—T
3 1 T3 = STH51
T, - T T, = ST56
129 Hot side eff. = = b b
T, - 1T
3 1
130 | HX #3 (regenerator) T, = ST31 -
T, =T T, = ST35
Cold side eff, = TLTT‘ 2
3 1 T3 = ST39
T, - T, = ST4
131 Hot side eff, = R b
T, - T |
3 1
132 | HX #5 (hydraulic oil cooler) T, = ST35 -
T, - T T, = ST39
Cold side eff. = ?Z_:_?l 2
3 1 T3 = ST18
T, - T | T, = ST19
133 Hot side eff. = > N 4
T, -
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Pertinent Equations (Continued)

assume P] = P2 = B50 psia w, =

| dent
No. Equation Data used Units
134 }HX #6 (lube oil cooler) T, = ST4! -
T - T T. = ST[}S
Cold side eff, = =—0n 2
3 1 T3 = ST16
T T, - T T, = ST17
135 |[Hot side eff. = i S b
Ty - T
3 1
136 | HX #8 (recuperator) T, = STLS -
T, =7 T, = ST47
Cold side eff. = ZE—xl 2
3 1 T3 = ST65
T, - T T, = ST66
137 |Hot side eff. = m—et 4
T, - T
3 1
138 | HX #9 (equalizer)a T, = ST57 -
T, - T T, = ST58
Cold side eff. = ZA—o 2
3 1 T3 = ST5
T, - T T, = ST7
139 |Hot side eff. = - N b
T, - 1T
3 1
140 |Q HX #1 (preheater) T, = ST27 Btu/min
Cold side T, = ST31
hy = f (T, P,) ;
h, = f (T, P)) m

%on equalizer, hot side is actually the colder.
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Pertinent Equations (Continued)

Ident
No. Equation Data used Units
41 Q HX #1 (preheater) Hot side
Q = (h3 ~ hh),wh T3 = STS51
hy = f Ty, p)  see Ty = STS6
by, = £ (T, P) .m
assume P3 = F’L+ = 550 psia
i =
142 | Q HX #3 (regenerator) T? = ST31 Btu/min
Cold side T2 = ST35
hy = f (T]‘ , P1)
assume P1 = P2 = 550 psia
Wy = ,
143 | Q HX #3 (regenerator) hot side T3 = ST39 Btu/min
= ‘ see
h3 f (T3, P3)
hy, = £ (T3, P) .m
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Pertinent Equations (Continued)

ldent
No. Equation Data used Units
144 Q Hx #5 (hydraulic oil cooler) T] = §T35 Btu/min.
Cold side TZ = ST39
@ =y <)
ER NS
hy = F (Tp P))
assume Pl’ P2 = 550 psia
*h T
145 | Hot side T3 = ST18
Q= (T3 - Th) Wo CP Th = ST19
0
o
o (Te 4+ Ty
. =0.221 + 6.02 x 10 (-3———)
P 2
0
@
146 | Q Hx #6 (lube oil cooler) T1 = STL Btu/min
Cold side TZ = STL5
Q = (h, = h) W
h1 = f (Tz’ P1) see
h2 = f (TZ’ P2) .m
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Pertinent Equations (Continued)

tdent
No. Equation Data used Units
147 | Q Hx #6 (lube oil cooler) Hot side T3 = ST16 Btu/min
Q= (T3 = T,) W Cpy T, = ST17
% = (1) @
o
T+ T
| Cp =0.255 + 3.43 x 107" (—l—L-*-)
P 2
! 0
{ 5
148 | Q Hx #8 (recuperator) T, = STu5 Btu/min
Cold side T2 = ST47
o @
.h] = f (T1, Pl) see
h2 = f (TZ’ P2) .n
assume_P1 = P2 = 550 psi
Uy = @
149 1 Q Hx #8 (recuperator) T3 = ST65 Btu/min
Hot side = ST66

QQ
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Pertinent Equations (Continued)

ident '
No. Equation Data used Units
149 -
Cont. = _:/_;L_
°ps 0.9857 T o7F
X
= —k1
CPA 0.9857 1 + 0/F
see
Y= f (1) @
k = f v(TL‘) '
o/F =
150 | Q Hx #9 (equalizer) 'l'1 = §T57 Btu/min
Cold side ﬁz = §758
h1 = f (P1, T]) see
hy =f (Py, T,)
assume P1 = P2 = 650 psia
My =
151 Hot side @ Btu/min
I f T3 > 500 R; 1?3 = ST5
Q = (T3 - Th) W CP ?a = §77

0

;«0

C, = 0.24
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Pertinent Equations (Continued)

. 1
ldent ST |
No. “‘Equat-ions Data used Units

151 i f T3 < 500 R;
Cont.
Q = (h3 - h“) Wy
h, =f (T,, P see
hl_+ = f (Th’ Ph) :
(assume F’3 = Pb, = 900 psia)
i -
o
152 | System heat rejection @and @ Btu/min
CNE
."_‘ . __—;h'—-' R RV
153 | Hydr oil/water Hx heat transfer T] = LTS5 Btu/min
| e |
Q=4 Cpaf, ; T, = LT6
iis
AT = T2 - T].j G = LQs
I
va = 8.34 @ {
i
Cp =1.00 };
154 Exhaust heat re_jectgon and Btu/min
Q=mePT T = STé6 -
e,

(o]
o
1l
2
O
0
wh
\l .
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Pertinent Equations (Cont inued)

Ident
No. Equation Data used Units
155 Theoretical combustion temperature T1 = §T58 OR
.= (T, 0/F) o
= (T1 - 530) + 586 + 1714 (0/F)
Te =T, +56+ (171h x ) i
Note: This is an approximate value
156 |Characteristic velocity, C - P1 = SP62 fi/sec
C-: = PAq 60
w
P = P1 + B
B = barometric pressure
A = turbine first-stage nozzle effective
throat area
= 0.1517.in.2(in system tests)
g = 32.174 ft/sec?
-
157 | Theoretical C= 107) and (::) ft/sec
e VT
|C =
e+
Qo 2\ T
R \y+1)
g = 32,174 ft/sec? T = @
y = f (0/F, T) see curve<::>
R = f (0/F) = 154&/

177



Pertinent Equations (Continued)

Ident
No. Equation ‘ Data used Units

158 | C* efficiency @ %
L @ @

159 Gearbox losses . T
(oil heating method)

ST86 hp

—
]

= ST17
hp wGaTG CPG

2.5 | 5085
SQ85 ¢

o
]

G

=10.195 - 3.511 x 1073 T,

T.+7T
Ch. = 0.255 + 3.43 x 10~4 (_Q___J

2
ATG = TG - T see curve<::)

160 Specific heat ratio

See page 3

161 Effective throat area of turbine nozzle P

CA=_ WV T

ST62
D A

%gg% (351) 2(1-Y) ‘IID ‘IIDF

32,174 ft/sec

SP62 ine

n

G®_2
®

v
Il

o
-

w

w
!

1 = barometric pressure

My
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Cd

.95

w2 \ﬂl [(

Venturi Discharge Coeff:crent {1354

V6 Venturi with Hjp

P)
vV = ?T’) ft/sec
1
d = 9—'%35 = 0.02271 ft
o.ooset Paomgr oo T2 dbosed
322 b7 T, T, e
L=0.08 x10° ﬁ‘%"f (530 R)
ft
A T T P T
[ S : —*'r—é—f] ; |
' . ' I . i | !
T + ] -+
AN - . S R SR S
! . . . ; : . *[
| , -1 | ? : ! |
7 ‘ .’ ; :
L [P ISR S O O S
: ‘ i : g »
L , t ‘ 5
S I NS SO 1 A
: am i R
I Ao - " JP_--']__-..L_.__._..,
; o . T -
i / } i | l l '
1/ e Py Y=l s
fb i . L [N G S
/ . | 2= T <P1> o
S O A - 1T = RT67
T ' B 1
~ T = Ree7 - 6 ~
e e e g |
L P, = P, - DL69 for DHEY < 10
: ‘l -»-4»-.e---__;if—_~ f P, = P, - DH69 for DH 69 > 10
L ' , : 5 VAU R PR R [T |
50 100 150 200 250
Ng x 1077 593825
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vd ‘ Y-1
o= T (P2>T
T, =T, (==
P, Y .286 2 T\ P,
V= 10626 \[T |1 - F—RPB) Ft/sec
7.
T, = RT66
1
d = 20905 _ o hoscns £e
12 . . P, = RP66 = B
o -208921 2 n9a oo P2 1besec?
YT 32,2 1&g T, ¢ 009213 % —— P, = P, - DL68 for DH68 < 10
2 ft
U= 0.042 x |0'5 ﬁ%ﬂ (530 R) P2 =P - DH68 for DHE8 > 10
ft
1.
1.
Cq

5-93925

(:) Venturi Discharge Coefficient NASA VS Venturi with 02
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Pump shaft horsepower
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Hydraulic flow, GPM
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Calibration of AP27V-3-02 Hydraulic Pumps
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SHP

Pump shaft horsepower
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Calibration of AP27V-3-02 Hydraulic Pumps
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Pump shaft horsepower,
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@ Calibration of Repaired AP27V-3-02 Hydraulic Pumps
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k - BTU per (hr)(ft)(°F)

Specific heat - BTU per (Ib)(°F)

.09

.08

.07

.60

. 58
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9.2
JEsh =3 53N SEREE e [ ShURE R B 3.0
| REFERENCES: hF——Fey L)
1. Socony Mobil 0il Co. letter fro : ekl TSt SO O 8.8
Copo b E.M. Johnson dated Nov. 4, 1964, ]
““FR\ e and attached Table 1.
: BRI Y -
] 712 Socony Mobil 0il Co. letter from - — 8.6
5 21t E.M. Johnson dated Nov. 20, 1964 7} b
[ 1 (densities) , i I
! T Sy = : 8.4
: N 3. Socony Mobil 0il Co. letter from Sl
- ™ E-M. Johnson dated June 16, 1965 F—+—
. N (speCIflc heats) Qo 8.2
‘.fu_x e e N .
T
I
l ‘ =P = 8.0
]l . { ;vp =
o =5 = P *
NOTES : Tt F T e 7.8
1. Thermal COnductsvnty curve. is 4%)*‘
drawn parallel to the k of Humble & tmd
2380 turbo oil instead of going N 47-6
thru the two Mobil test values. eesea
2. Viscosity'at -40°F s 11,078 cs '< A} 53ia2 7.4
3. Pour point is below 85 F B
Flash point is 485°F F 35 7-2
Fire point is 545°F 5 By ESnsss
. - - . a } 1
Auto ignition temp is 810°F ) grxs i 7.0
L. Vapor pressure at 400°F is 053\*‘”‘¥“‘1?‘ ot
II 33 mm Hg.- ' Ao e e e 3=
S i i e e T e N PP
1' = J"LJ% Tt = T ,: '}r! - : "_ZH_.L = 6.6
- —0h13+3u3x1o“T(F) T
oo SR ASER: sanunssREs
= 0.255 + 3.43 x 107% T(°R) R FEn 64
e = e Cr
: S et TS R SeRa et cone o te T
ik eaas sese 3 Soass Sooos tas s eoss Saums St
. T l [SSR Sangs 5 vy bul 6 0
300 400 500 600
temperature - °F
$-93924

Typical Properties of Mobil Jet 0il I
(a MiL-1-23699 0il)

Ib per Gal

Density,
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ENTHALPY OF NORMAL HYDROGEN AT
VAR |QUS TEMPERATURES (550 PSIA)

T

Temp, Enthalpy, Temp, Enthalpy, Temp, f Enthalpy,
R Btu/1b R Btu/1b R | Btu/lb
55 - 45 190 480 340 1067
60 - 28 195 498 350 1107
65 - 6 200 517 360 1146
70 18 205 535 370 1185
75 L8 210 553 380 1223
80 80 215 572 390 1262
85 103 220 591 400 1300
90 132 225 610 410 1338
95 153 230 629 420 1376
100 174 235 648 - 430 1413
105 193 240 668 440 1451
110 212 245 688 450 1488
15 230 250 708 460 1525
120 248 255 728 470 1562
125 265 260 747 480 1598
130 282 265 767 500 1670
135 297 270 787 550 1850
140 314 275 808 600 2020
145 330 280 828 650 2200
150 346 285 848 700 2370
155 362 290 868 750 2550
160 378 295 888 800 2720
165 395 300 - 908 - 850 2900
170 413 310 948 900 3070
175 430 320 988 - 950 3240
180 "y 330 1028 1000 3420
185 463 |




©

ENTHALPY (BTU/LB) OF OXYGEN AT 900 PSIA

Temp, h, ah, Temp, h, ab,
R Btu/1b Btu/1b-R R Btu/1b Btu/1b-R
140 - 65,2 LoQ 74.8
: 0.40 .0.275
150 - 61.2 420 80.3
0.41 0.270
160 - 57.1 L40 85.7
0.41 0. 260
170 - 53.0
0.40 L60 90.9
180 - 49.0 : 0.255
0.40 480 96.0
190 - 45.0 0.250
‘ 0.42 500 101
200 - 40.8 0.24
' 0.41 550 113
210 - 36.7 ’ 0.24
0.44 600 125
220 - 32.3 0.24
0.43 650 137
230 - 28.0 0.24
0.48 700 149
240 - 23.2 0.24
: 0.50 750 161
250 - 18.2 0.24
0.54 800 173
260 - 12.8 0.24
0.61 850 185
270 - 6.7 0.24
0.87 900 197
280 2.0 0.24
2.00 950 209
290 22.0 0.24
1.40 1000 221
300 36.0 _
: 0.58
320 47.6
0.42
340 56.0
0.34
360 62.8
0.31
380 69.0
0.29
L00 74.8.
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APPENDIX C

DATA REDUCTION FOR SELECTED EVENTS
IN ANALYSIS OF APU-T PERFORMANCE

The computer output in this ‘appendix is a compilation of the steady-statre
APU-T system test data used in the analysis of both component and overall APU
pertormance. Definitions for the test data entitled, Data in Engineering
Units, can be found in the section, APU-T System Tests, under the summary of
recorded data, table 8. Station number identification can be found in figs.
27, 28, and 29.

The test data has the following units:

Pressure psig
Temperature R
Flow gpm

The calculations listed below the engineering data are based on the
equations tabulated in Appendix B.

The test data are shown for runs from power levels of approximately 50 to
380 hp. The events are indicated by the heading, READING, and are listed
consecutively starting with reading (event) I3l in run 90 and ending with
reading 705 in the last performance test conducted (run 187).
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RUN 90, EVENT 13

*ss  H202 APY PERFORMANCF  ses

DATE 10~ 4-74 : READING 13y
TIME 11e11- 2 BAROMETER 13,33 pSla

DATA IN ENGINEERING UNITS

APEe 878,72 RPET 834,56 OL6S 6.51 OL&9 S.70 SPs 875,84 SPY 826,94 puea 6.89 DHe9 8.84
SP18 127,25 sPg) 8,20 SP27 583,90 sPea  wu7,36 SP62 96,93 spes 0.22 SPes 0.13 LP1 39g8,27
LP2 109,00 RT66 502,07 RT67 $39.19 STS 327,18 ST? 629.00 STig s33.9¢ ST17 4B86.26 ST18 79,17
ST1S 852,64 ST27 286,34 ST3) 3as.ug ST33  wk9.12 ST 955,38 gTey 476,03 STU3 499,97 STuT 124962
ST®1 876,66 5TSé 307,40 ST57 73).33 STS8 752,30 $T62 1939.18 ST6= 1397.u2 ST66 824,38 ST  s83,73
STB6 557,42 (T2 S3%,14 LTS S3g.30 LT6 538.84 SNB162398,.38 5019 7.97 s¢B3 0.42 S98% 0.63
L32 17.06 LQS 71.52 ’

CALCULATIONS

101 2.444 102 1.500 103 n.é1s 0,000 1042 47,170 10% %.024 106 9688,015 107 3,256
160 1.370 108 8,137 109 esseness 11 3,949 111 174,32 112 9.064 113 311,206 11 119.786
115 54,493 16 S0.6%7 117 68,307 114 31,260 119 23,0%¢ 120 14,082 0.000 1218 7.322

0,000 1210 72.615 121¢ 11,168 121F 16,461 122 43.32% 123 39,099 24 1.228 2% 1,216
126 0.624 127 1.820 128 J.16% 129 0,94 13p g,498 13 0,460 132 0.7% 133 0,241
134 0,413 13% 0,823 136 0.341 137 0,633 13s «0,102 139 0,498 140 792,987 141 1211,749

142 652,526 144 628,013 juy RBS, 487 145 880,709 146 199,p19 147 189,486 1ug 3200,1%3 149 “91e,011
15C 179,513 151 -36,771 152 8238.153 151 1155,827 ysu TNR2.325 155 1863.237 31%¢ 8177.220 197 7858,83,
188 104,094 199 3,817 181 0.149

108 9684, 109 1ussu2n,
143 A80, 749 148 3200,1%3
149 4918,011 152 b238,153%
155 115%5,827 154 Tcaz,32%
RUN S0, EVENT 133
svs H202 aPy PERFORMANCFE (1%
DATE 10 w74 READING 1%3
TivE 11-13-32 BAROMETER 13,33 pgya

LATA TH ENGINEERING UNITS

FPE6 678,72 WPb? 857,22 DL6d 13,75 DLeS 13,76 SPS 870,23 sp7 508,30 DH68 17,19 DHEY 16,02
SP18 121,92 sP63 19,57 SP27  Sus. 42 SPSB 230,60 SP62 165,56 SPéu 0.3% SPén 0.17 LP1 3950, 2%
LP2 103,88 RTe6 %02.38 RT&7 %40.39 STS 525,02 ST7 682.58 STis Sau.08 sT17 490,12 ST18 80,82
ST19 544,28 ST27 271,77 s131 09.40 sras 468.29 ST39 533,01 ST41  478,A4 Syus 495,63 STu? 1303,49
STSL 913,12 8796 313,97 STS? 725,73 srag 790,68 ST62 196%.66 STES 1369.19 SThe 989,99 ST84  enp,12
ST8E  S6n.69 LT2 S46,03 LTS S36.90 1Lt1e S4S.33 SNB162¢8A,13 SA19 T.26 5083 0.4% SQ8S 0.70
Loz 48,94  LCS 7y ,42

caLcuLaTIONS

101 4.079 1c¢c2 2,437 103 %597 0,000 1048 14c,u%3 jpu 2,784 106 sseasass 107 3,220
160 1.372 108 13,074 109 sseeeene 319 6,517 111 336,.80n 112 F.74% 113 372, 8us 114 208.710
118 1439,22¢ 11g 147,830 117 61.432 118 48,306 119 43,892 120 109,838 0.000 1218 8.772

0,000 1210 68,258 121€ 10,164 121F 69,652 122 139,088 123 33,561 124 2,109 12% 1,969
126 1,275 127 2,804 128 d.214 129 0,934 139 0.676 131 0,462 132 0.3576 133 0.322
134 n,28)1 135 .790 13e 0,924 137 C.468 138 -0.12% 139 0,784 140 1818,%587 14y 2611,676

142 816,870 143 766,312 14y N91,0A1 145 1n85,8%% 146 266,182 4y 227,211 ivs $928,973 149 £93%,979
150 3se,u4p2 1= =Y2.166 152 cevsmase 153 5018,887 1% evessese 153 1830,49° 1%¢ 803A.578 37 1829,939
188 102,664 159 4,689 161 0.15%2

106 15692, 109 1705370,
14% 1085,855 148 5926,973
149 5935,979 152 18R34,t39
1%3 5018.847 154 13915,94p
RUN 90, EVENT 138
es H202 APU PERFORMANCE .se
DATE 1o~ ua?4 READING 138
TIME 11-le- 1 BAROMETER 13,33 psra

DATA I ENGINEERING UNTTS

RP&6 AT7,52 RPE7T S857_87 OLes 13.75 OLke 13.76 sPs  Ags, 43 SPT  *13,92 Dues 25,49 DHe9 23,16
SP18 119.4% sPp3 26.86 SP27  S42,.4y SP%8 517,22 SPK2 208,17 SPeu 0.48 SPee 0.18 (P1 3936,5%0
LP2 95450 RT66 504,40 RTE? Sup.19 STS 519.49 STT 695,47 sT14 596.68 5717 49%.%0 ST18 e84, 34
ST19 542,53 3Te7? 224,17 sT3y 411,15 5T 4g7,08 sT39 S2%.31 ST 474,90 STES 49, ig STeY 1272.6%
STS1 967,86 $TS% 314,73 5757 727.12 sT=& 780,17 Ste2 1962.70 ST6% 13R1.14 §T7° 997.60 STAY 608,07
S1dé  S76,86 LT2 $%9;,A3 |75 536,73 116 su9,31¢ SNB162456.63 SO19 - &.a4 SoB3 0.47 Sgas 0.80
LA2 66.99 Q% T1.47

CALCULATIONS N
101 4,880 102 2.9¢%5 103 0.603 0.000 1084 183,177 10w 2,%3 106 ssvssvse 307 3,232
160 1.371 108 16.€36 109 csosocse 19 70823 111 424,830 112 10.m33 338 27,146 11 282,632
113 193,227 116 207,097 117 $9.,914  11a 48 483 119 8,748 120 130,132 0.000 1218  10,0%0
0.000 1210 69.45%% 121 =3,819 121F 55.%8% 122 197.n47 123 80,293 12¢ 2.967 2% 1.933
126 1,798 j27 3,081 128 0.2%1 125 0,878 130 0,489 131 0,481 132 0,496 133 0,396
‘134 r.247 138 D.748 136 0.897 137 0.535 138  -g,111 139 0.847 140 292¢.785 143 4022.908

182 928,012 143 833,289 jug4 959,996  14% 1178,101 46 336,182 147 288,478 jyp 8016,186 149 ap33,843
130 393,695 151 -124.388 132 sesvoses 1%2 TUl4.519 1%G sneseaens 13% 1840.%%6 156 8289,40S 157 837,313
158 10%,768 159 5,503 161 0,147 )

106 18960, 109 1791%62,
165 117,11 148 8016,1m6
149 A033, 562 152 22838 73>

153 7414,%19 154 15L26,014 ORIGINAL PAGEIS‘
OF POOR QUALITY
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RUN 90, EVENT 143
een K272 APy PP RFORMANCS (1 1]
DATL L= 4=74 READING 143
TIME  11+17-45 BAROMETER 13,33 PS1A

- Data I ERGIMECAING UNIITS .

eree  B871=,7) RP&7T  95d,.69 DLAb 13.75% OL&9 13,76 SPS B46,38 SPT S0u,4% OHRA 65,49 OHEY 62.09
SP1E 133,18 SPeS 4p, 4 SPOT  B17,22 SPeR 4%6.59 sPe2  3u0,0A SP6G 1.08 SP6é 0.18 LPL 3840,2%
Lh2 8k 07 KTbs %04.6b6 RTE? Bun,?7i <Y% =16,43 ST?7 692.03 STle 264,93 ST17 500,91 ST16 9%91,73
€119 S4h,1% ST27 174,38 STIL  U29.5R STAS ubk.%0 ST39 509,08 5741 475,18 ST4S 489,82 ST4Y 1196,99
STS1 1017.78 »T% 364,95 STS7 730,92 sT84 769,77 ST62 1961,42 STH= 1341,70 3766 A34 .98 STB4 613,49
786 Sol.Bd LT2 %61.21 LT5 S3A.,90 LTk %37.19 SYA1R2377 .88 SQ19 6,42 SCA3 0.4% sSQ8s 0.92
L92 126,65 LGS Tu.52

CALCULATIONS

101 7.100 102 4,598 103 n.597 0,000 106A 320,543 109 2.302 106 sseesees 107 3,219
182 1,372 108  24,%12 109 ssesesas 11N 12,299 111 735,008 3112 11,661 1313 e39,863 11% 410,372
118 331.343  1le 317.€07 117 55,%8¢ 114 45,082 119 43,230 120 277,407 0.000 1218 10,820

6,090 121C ©9.829 1¢1¢€ 24376 121F 103,384 122 306,987 123 47.688 124 S.749  12% 1,931
126 3,363 127 u,537 128 J.282 129 0.801 130 0,964 131 0,426 132 0,340 1383 0,412
134 c.163 139 0,713 13¢ J.A30 137 0.,%9% 138  .D,0AA 1%9 0,018 140 S72%,641 141 T7602,933

142 966.607 1u3 Abu.9ul  luy 1111,290 1.9 1382.064 146 38u,03R 147 325.Bu% 148 seossnes 149 sssaesas
150 SOR,109 151 =193,34S5 152 essasess 153 sssveese 154 seesseee 1%% 1829,2R7 156 B419.066 197 7827,499

158 107,976 159 £.503 161 0,145
106 29604, 109 1972126,
145 1382.06% 148  143114,6A8
149 13P34, 349 152 34526,.497
198 11915,871 156 22591.20%
RUM 117, EVENT 230
er H202 APU PERFORMANCF ses
DATE 1l1-11-7¢ READING 23¢
TIME  13e28-36 BAROMETER 13,uu PSIA

DATA 1') CNCINEFHING UNITS

RPEE 971.90 RP6T %£%3,29 DLéB 13,07 PL&Y 10,10 SPS  BpT.63- SP7T *07.A% OHEB 13,32 DHe9 10.62
SEFIB 117,07 sPed 17,88 SP27 "u7,92 SpSR  925.%% SP62 33B.u6 SP6u 0.%6 SP6é 0,01 LP) 3806.08
LP2 36,89 KT66 S1¢.2A RTET S37,37 <15 22,32 SY7 677,73 STi6 961,91 ST17 587,02 ST18 579.90
€T19 $71.%1 ST27 542,29 ST3L  S42,34 STAS 493,68 ST39 ST70.37 STui 3%e.4E ST4s 557,28 STaY 1388,19
STS] 767,49 ST56 T21.86 STS? 763,12 ST68 791,29 SY62 1949.38 ST6% 147,23 STee 1213.80 ST84 618,38
S186 S580.60 LT2 542,94 75 %28,70 L T6 S43.99 SHRLFPA29,.BR 50149 7.16 Swal 0.75 SQ8% 1.20
La2 34,82 LOS 29,97 .

CALCULATIONS

101 3,331 102 2.117 103 Y.638 0,000 *Oua 107.P30 10% 3.054 106 eweseses 107 3,297
160 A.3R9 10K 10.997 109 ssessess 110 S,449 111 261.92° 112 16,165 113 309,917 114 1ui,.43]
115 11u.322 1lé 101,572 117 51,947 118 u3.646 119 38,778 120 79,33 0,000 1218 7.292

0,000 1250 37,420 t21E 20,042 1210 %0,170 122 94,280 123 92,892 12% 0,842 129 2,488
126 0.319 127 3. ni2 128 0.50n0 129 0,202 13¢ o.,407 131 0.9%7 132 0,628 133 0,327
134 0,399 138 0.639 136 3,933 137 0.262 138 6,051 139 0,630 140 D.64T 141 31,012

142 126,%0% 1493 173,146 144 1RuL,09°  Ju5  257,9%% 146 29,195 47 30,277 148 2462,%41 149 278%,72%
180 ~137.9496 151 =73,902 152 sssesres 157 AR22.A1A 154 seaesems 159 1896,757 156 8163,823 157 7833,878

198 1u3,550 1% 3.2d¢ 161 U169

136 1633, 109 1886197,

145 297,954 148 2u42,5u41
AL e76%9,72% 492 Yw8229,¢22
153 3e22,848 194 14402,%Rk

RUN 117, EVENT 235
. (YY) H202 APU PLRFORMANCF e
DATE 11=1le7& READING 23%

TIME 313-30-3D BAROMETER 13,44 PSTA

DaTA IN ENGINEERING UNITS )

RP66 871,30 RPET  S54¢.4u OL6s 13,75 DLe9 13,76 5P A%9,01 SP7? 508,47 Dwes 32,23 DH6Y 23,83
SP1a 123,70 5P63 34,08 SP27 41,77 SPSA  S03,17 SP62 214,47 §P6L 0,78 SP6h 0,01 LP1 3823.08
LP2 98,27 ATe6 513,55 RT6T 53u.72 STS 929,34 S5Y7 693,57 ST16  973.%6 STI7 560.99 ST18 387,76

ST19 %73.86 ST27 939,41 STIL 540,53 STIS 582,06 ST39  969,9% STuy 9%.08 STe8 961,57 STu? 1394.67
STS1  76%.46 ST%6 711,80 STS7 761,71 STS8 751,09 ST62 1946,70 ST6N 1430.01 ST6R 1231,86 STB4 s27.16
§T86 596.62 LT2 %%6,33 LTS S2B8.70 LTe %53.87 SNE1A299A. 38 SQ19 6.72 sSc8s 0,77 Sq@8S% 1.3%

LQ2 71.02 LOS 29.97

CALCULATIONS :
101 4,9%8 102 | 3.2%0 .03 N.65% 0,000 10448 192,715 109 2,549 106 seseowes 107 3.337
160 1,367 108 16,149 109 essesnwe 110 8,208 111 433,39 112 17.410 113 364,201 114 221,178
11% 2p1.26%5 316 17%,409 117 51,091 118 46,451 119 40,480 120 194,432 0,000 121B 8,569
. 0,000 3210 28.461 121E 34,445 321F 54,338 122 166,839 123 49,283 12¢ %- 1,233 128 3,745
126 0,346 127 4,611 128 0,004 129 0,237 130 0,%91 153 0.%39 132 0.%00 133 0,389
134 . 0,348 138 0.678 136 0,999 137 0,20% 138 0,04% 139 0,713 1w 18,622 141 e%3.119

- 142 193,472 143 263,507 1U4 297,099 14% 360,919 146 124,371 187 114,148 Quy 3526.67% 149 317,423
190 184,317 191 129,668 1%2 sesessee 153 6793,593 154 eseseese 1%5 1930.%39 156 8202,486 157 7909.89¢

198 103,699 1%9 4.119 1lé1 0146
106 20924, 109 174199,
143 390,919 1.8 3526,67%
149 3167,423 1%2 289%4.6R8
193 6793,593 15« 22161.098
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RUN 117, EVENT 241
o . R sen H202 APU PERFORMANCE sne
DATE 11-11-74 READING FLS]
TIME 13-32-31 BAROMETER 13,44 PSIK
DATA 1IN ENGINEERING UNITS
RP66 868,69 RPET 387,54 DL6B 13,75 OL&9 13.76 SPS 835,16 SP? 498,98 DHEB 82,28 NNes 62,20
SP18 114,07 SP63 99,355 SP27 520,73 SPRB 443,71 SP62 345,18 SPeu 1.64% SPh6 0.08 LPY 3%9%,0%
LP2 70.06 RY66 - 317,68 RT67 S32.54 TS 525,98 ST7  691.%0 ST16 SAB.26 ST17? %62.07 ST18 606,70
§T19 877.42 sT27 537,33 ST31 837.69 ST13 849,11 ST38 567,39 STu1l =%3.%7 $Tus 560,99 ST4? 1383.72
ST31 763,42 sT%€ 705,28 STS7 760,09 STS56 7S0.38 STE2 1946.38 ST6S 1408.%% STée 1220.97 ST84 633,83
STB6 605,42 LT2 575,22 LTS 528.75 LT6 572.90 SNB1#293%.3A S719 9.48 S8 0.78 S085% 1,49
L02 129.%2 LGS 29,97
CALCULATIONS
101 7.7%7 182 $.007 103 C.64% 0,000 J04& 327,%%5 108w 2.338 106 sesesses 107 3.317
160 1,368 108 24,034 109 seesenes 110 12,76% 111 738,593 112 18,751 113 - 445,230 114 359,820
11% 33A,032 1116 281,307 117 “R,.66N 11P 43,748 119 38,071 120 2A6,379 0,000 1218 10,4758
0,000 1210 32,264 121F 67,201 121F ~ 88,989 122 270,031 123 39,744 124 1,908 12% 5,844
126 Q0,444 127 7.313 128 0,001 129 0,257 130 0,384 181 0.%39 132 0,328 133 0,490
136 0,260 13% 0,709 136 0,970 137 ¢.221 138 0,nk1 139 0,706 140 9,348 141 90,428
142 296,807 143 416,313 U6 4TS 047  14% 625,484 146 250,127 14T 222,109 148 S4T7. 648 149 5208,337
190 -263,78% 151 «198,912 152 sesseses 153 vesseoss 1%4 sseesess 159 1912,742 156 8319,210 1%7 769%,145%
196 105,371 159 5,565 161 O0.144
106 3223A, 109 1910141,
149 623,484 148 S477,648
149 5208,337 152 44792,417
193 1103%,.271 154 33757,149
RUN 118, EVENT 2651
ase H202 APU PERFORMANCF e
DATE 11-11-74% READING 251
TIME 14-19-19 BAROMETER 13,44 PSIA
DATA IN ENGINEERING UNITS
RP66 664,08 RPET Su%,94 DL6S 7.80 OL69 572 SPS B6S5.42 SPY %22.49 DHé4 7.80 DH69 6,09
SP18 96.2% SP63 9.73 'SP2? S4N.97 3PS5 S25.B87 SP62 105.96 SPéw -9.,8% SP6eé ~11,31 LP)1 3840.08
LP2 BE,32 ATE6 918.5%5 RT67 Su40,77 STS 935,41 ST? 6£6%5.%4 ST16 563,73 STi7 Se1.04 ST18 S8%,.13
ST19 575,22 5727 545,55 ST3L 546,00 ST35 558,69 ST39 576,46 ST4l =%9,a1 STuS <61.80 STu? 1293.66
ST31 766,48 STS& 723,74 STS? 762,51 STSB 751,19 ST62 1942,.26 STE% 1343,71 ST66 1100.97 STB4 620,68
STB6 590.53 LT2 See.49 LTS 530,77 LT6 %u6.08 SHB1A2740.13 SO19 4.81 Sq83 0,77 So8s 1.22
Le2 29,17 Le8 31.32
CALCULATIONS
101 2,422 102 1.608 103 D.663 0,000 1044 93,657 109 2,%52 106 seessses 107 3,354
160 1,36 108 33,269 109 semesses 110 4,030 111 2u6.287 112 16,427 113 302.150 114 126,443
115 1€0.766 1l 104,650 117 51,518 11A 40.%1% 119 42,491 120 63,899 0,000 1218 7.129
0,000 1210 32,785 121¢ 3,225 121F 28,901 122 97.%41 123 35,472 124 2.677 12% - 1,745
126 0.224 127 2,198 128 0.002 129 0,193 130 0,416 131 0,953 132 0,672 133 0,374
134 0,931 139 0.652 136 0,935 137 0,310 138 0,049 139 0.%972 140 3,663 14} 33,604
142 102,968 143 136,789 194 144,247 4S5 200,467 146 17,799 147 19, 78R 188 1729,042 149 2098,683
1950 -96,045 131 -50,222 152 essvesse 153 4001,2%9 1% FUT71,917 198 194%,324 156 8675,100 157 7920,98R
1%  109,%20 1%9 3,113 161 0.138
136 10392, 109 2016279,
149 200.467 lu8 1729,042
149 2098,.683 152 13u73,17%
153 4n01,259 154 71,917
RJIN 118, EVENT 255
ass K202 APU PFRIFNKMANCF Y
DATE  11=11-7% RCACDING 25%
TIME  14=21e 0 BAROMETER 13,us PSIA
ODATA 70 ENGICERKING UNTIS
RPe6 Be2,07 HPET S4u,.63 DL6S 1Y.7% NLA9 13,76 SPS 835,40 SPT 512,%% OM68 24,06 DHES 17,84
5P18 92,84 SPE3 23,61 SP27 535,75 SPSA  %05.BP7 SP62 18P.66 SP6Y «7,A% SP6e6 10,00 LP1 3782,.09
LP2 76.2% 1Tbb 518,49 RT67 S37.61 STS %33,R7 ST7 693,81 STIe *%76,86 ST17 %62.70 ST18 88,10
5T19  572.90 5727 542,17 ST31 543,27 sT3%5 =53,8% ST39 S70.%1 sTu) 449,24 STeS 963,54 ST4T 1337.68
ST31 763,93 ST56 71,32 STST 760,09 STS8 750,17 ST62 1945,%8 STES 1372,.5¢ SThe 1189,14 ST84 628,08
ST96 597,68 L7272 550,4% LTS S530.71 LTé 556,50 SHB1€2%6€6,.8A $Q19 4,72 SERS 2.78 Sq8%s 1.36
LQ2 67.17 LGS 31.17
CALCULATICHS
101 u,2%9 102 2.799 103 n.65%7 0,000 1044 1A3,603 1n% 2,306 106 vesewsse 107 3,340
160 1,367 108 364,194 109 ssmessws 1} T.058 111 438,77% 112 17,483 113 360.529 11¢ 211.922
115 192.086 116 171.878- 117 ua,385 118 43,777 119 39,172 120 14%,239 0.000 1218 8,483
0,000 1210 28,319 ::1E 20,690 121F 48,527 122 163,395 123 34,639 124 1,102 128 3,137
12¢ 0.316 127 1,942 128 0,006 124 0.232 130 0,388 131 0,%0 132 0,486 133 D.49%
134 0.383 13% 0.654 136 U.9% 137 0,226 138 0.N43 139 0.698 140 19,662 14} 37,2408
142 151,017 143 218,008 146 237 7Ten 145 30B,106 146 138,44H 147 111,460 148 2977,23% 149 2793,19%¢
150 -147,86F 151 «106,109 152 essesses 153 6706,51 1%4 ssensess 158 1932,.5%49 156 B8385,0%1 157 7910,1%
158 1DF,003 159 4,063 16l Ul dul
106 18¢21, 1C9 2051229,
14% 308,106 148 2977,23%5
149 2793194 152 24742,047
153 6706,541 154 1803%,507

196



RLN 118, EVENT 260
wen H202 APU PERFORMANCF [T
DATE 11-11-74 . READING 260
TIME 1u=23-1% BAROMETER 13,44 PSIA

CATA Tt ENGINEFRING UNITS

AFr66 861,27 wPeT  B4T,. T4 [DLES 13.75 DLRO 13.76 SPS 832,7¢ SPY 498,78 Owed 77.10 DHéE9 $7.98
SEH1B  101,.8R 5P63 50,03 SP27 S14,2% SFeB 440,20 RP62 333,9F SP6N -3.86 SP66 =6.,76 LP1 3628.06
LP2 S8,76 RTB6  520.95 RTHE7 S3u.NA TS5 529,46 STT 695.u7 STl6é 8590.41 ST1T 563,39 S5T18 604.98
ST19 572,04 sTc? S3«,7¢ ST3L S39,9u ST35 %%0,73 ST39  %6R,64 ST 453,45 STu® 963,31 ST 1364.72
5151 Tb1.89 sT56 T07.7¢ STS? 759.n8 ST%B8 749,67 ST62 1943.1A STE5 138K.81 5766 1192,73 STe4 635,89
S186 6(6H.86 LT2 875,44 (715 536.77 (V6 =Tu,60 SNE162351,13 S019 S.11 5083 0.81 5085 1.50
LA2 129.67 LGS 31.27

CALCULATIONS

101 T.4d3R 102 4.h26 103 Cebun 0.000 1048 327,922 109 2,244 106 wesseses 107 3.324
160 ‘1.343 108 36,263 109 sesusese 110 12.264 111 763,2%2 112 19,007 113 455,976 114 356,088
115 33p,6%1 1le 290,208 317 46,940 11e “s,369 119 38,6022 120 270,040 0,000 1218 10,728

0,000 1210 30.16% 1¢1E 59,171 121F 78,608 122 279,479 123 37,077 12e 1,843 12% 3.59%
128 D.386 127 7.052 128 3.00% 129 0.242 13¢ 06,375 15% 0,929 132 0.330 133 0,496
134 f,26% 139 0.732 136 0,975 137 0,233 138 0,041 139 0,722 140 29,%26 141 73,186

142 268,729 143 378,520 144 445 259 145 ST6,411 146 269,653 147 234 970 148 51%2,579 149 S103,372
150 =245.3117 151 =192,299 152 sevssess 153 eseesses 1% eosvases 1958 1917 .817 156 829%,.681 147 7498,11%
1%8  109,02% 159 5,656 161 Gelas

106 31072, 109 2053620,
14% £76,411 Y ) 5152.579
149 5103,372 1952 43016,157
198 11431,622 194 31564,°39
RUN 120, EVENT 27C
ese. H202 APU PERFORMANCE (14 ]
0ATE 11-25-TM REACING 2%e
TIME  13-42- 0 BAROMETER 13,39 PSIA

DATA [ ENGINEERING UNITS

RP66 AT4.11 RPE7 951,33 DLGS 3.07 OL69 5,13 SP% 882.8f SP7 951A8.43 DuH6B 4,97 DHEY 3,36
SP18 110.4% $P63 . 7.69 SP27 552,74 SP%8 535.47 5P62 97.6% SP6u 0.19 SP6&6 0.00 LP1 3789,0°
LP2 88,84 ATE6 913,62 RT67 544,69 STY 148,70 STT 620.89 ST1g 533,07 $T17 363,22 ST186 687,30
ST19 66R.08 sT27 498,37 STA1 501,65 STAS 583,33 ST39 670,96 STU1 SAE.AS STud 534,36 STuT 13%53.10
STS1 792,50 ST96 742,20 STS7 788,30 STH8 751,49 ST62 1949.58 STES 1uu8,01 STA6 1110.08 ST84 603,32
ST86 579,51 LT2 642.80 LTS 530,95 (T 535.02 SNB162692,88 SH19 10,43 SQa3 0,77 soes 1.17
Le2 18.77 L@% ~G.l2

CALCULATIONS
101 2,296 102 1.012 10} O.4un 0.000 10uA $2.242 109 3.800 106 6%19.535% 107 2,909
160 1,383 108 8,171 109 essevess 110 3.309 111 166.92% 112 1%.,9A5 113 184,421 11¢ 99,179
115 56,581 1lle 20.%22 117 - 60,2392 118 3s.160 119 12.7%2 120 22.%21 0.000 1218 4.339
0,000 1210 46,936 121€ 40,398 121F 82.99% 122 16,183 123 72,8060 124 0,684 125 1.611
126 0,191 127 2.104 128 C.011 129 0.171 130 0,482 131 0.4A6 132 0,842 133 0.184
134 0,616 139 0.542 136 0.896 137 0.376 138 0,083 139 ' 0,619 140 25,414 141 - 33,759

142 628,421 143 651,097 144 £92,037. 145 B79,891 146 -263,798 147 -213.4R0 148 1906.600 149 2732,057
150 -29%.8%2 151 ~71.9%3 152 8989.608 153 4,245 154 A993,A% 15% 1363.327 156 9828,098 157 7594,06%
158 125,418 159 1.650 161 n.13¢ ’ )

106 A%19, 109 leoudds,
145 879,891 148 1906.600
149 2732.057 152 6989,6n8
153 4,245 15 8993%,35%4
RUN 120, EVENT 276
. oen H202 APU PLAFORMANCF ase
DatTE 11-2%-T4 READLING eTh
TIME  13-43-48 . DAROMETER 13,39 PSIA

DATA IN ENGINEERING UNITS

RF&66 871,90 RP67 S9%1.66 DL6B 13,75 DLRY 13,39 SP% 911,51 SPT 900.40 Owes 17,67 DHE9 13,82
SPle 122,38 sPel 21,11 SP27 %46,99 SPS8 S21,82 SP62 164,66 SPéu 0,48 SP&6 0,00 LP1 3787,09
LP2 99,97 RTe6 516,21 RT67 537,61 TS 331,12 ST? 652,61 ST1g 550,85 ST17 541,30 ST18 794,97
ST19 6%9,12 $T27 379,25 ST31 380,39 ST3% 911,99 ST39 646,07 STut %26,74 5T4s 936,72 STu7 1391,09
§T%1 793,51 57S6 730,17 STS? 789,20 STS8 750,17 ST62 1948,94 STES 1438,74 SThe 1202,37 STew 613,76
STB6 586,98 LT2 675.21 LTS 529.,A8 LYve 233,43 SNB1A2403.88 SO19 10.43 SOR3 0.69 SAaAS 1.08
La2 91.62 L@S ~0.12

CALCULATIONS
101 3,78% 102 2,427 103 D.641" 0,000 104A 123,12+ 108 3.027 106 eesvesser 107 3.308
160 1.368 108 12.828 109 sesesess 110 6.213 111 311,286 112 14,774 113 368,445 114 166,689
119 131,795 1le 49.658 117 $3.,424  118- 42,344 119 15,95 12¢ 89,952 0.000 1218 8.669
0,000 1210 «3,563 121€ 90,806 121F 12%,.700 122 “0,989 123 Ti,4%1 12« 1,137 12% 2,647
126 0.257 127 3,528 128 0,012 129 0,1%1 130 0,491 131 0.4%3 132 0,705 133 0,237
134 0,414 133 0.393 136 ‘04947 137 6.262 138 . 0,08% 139 0,701 1u0 63,408 141 57,039

142 1681,088 143 1558,744 144 3745 786 14% 2049,200 146 126,619 147 62,376 148 3386,796 149 3203,819
150 =%17.05C 151 -207,208 152 seesewse 153 - 3,697 154 esessese  1%% 190%,.378 156 392,799 157 7889,107
138 106,38¢ 139 “,204 161 3,143

106 1%629. 109 1653193,

148 2069,290 148 3386,796
149 3203,.819 152 16201,%47
153 «3,697 156 1620%,248

197



CATE 11-26=7W
TIME 15+32-26

DaYa IN ENGINEERING

RP&E 872,50 RPe?
SP1a 118,76 SPe3
LP2  81.36 RT66
STY19 622,31 sT27
ST91 964,59 5Y%6
ST86 %$9%5.1a LT2
(@2 129,37 L@

CALCULATIONS

101 7.888 102
160 1.368 108
11% 335,879 116
0,000 1210

126 2,672 127
134 0,181 13%
142 2171.260 143
150 78,43 1%1
158 103,125 159

106 32824,

1493 3133,4%6
149 11760,102
153 7203,4587

356,24

35.9%
513.20
213,53
32%,47
679,69

15.72

UNITS
OL68
sP27
RT&7
STy
$Y57
LTS

$.098 103
24,247 109
237.640 117
37,299 121F
S.21% 128
0.43% 136
2009,.%80 14

‘7 ENY 2B FEB 79 14.431 HRS

DATE 12+ 4=
TIME 1u-16«

DATA IM ENGI

RPE6 879,33 RPeT
sP18 89,11 SP&3
LP2 75,99 RT66

ST19 657,29 sT27?
STS1 770,04 ST%6
ST86 S567.16 T2
La2 13.97 @5

" CALCULATIONS
101 1.832 102
180 1.367 108
115 53,013 1.1s

0.000 1210
126 0,179 127

134 0,689 13%
162 %9%,3% 143
150 -89,399 151
158 105,9%5 139

106 T164,

1¢% a41.196
149 2352.%69
153 226,176

0aTE  12- &~
TIVE 14-~57-

DATA TH ENG]
APRE 88%,3y RPE7
SPL8 835,43 sPe3
LP2  7h.11 RTe6
ST19 6%3.76 sT27
ST51  Teu.TD sTSF
5786 577,93 LT>
L82  13.97 L6

CALCULATIONS

101 1,818 3in2
160 1,368 104
115 50,376 11k

0,000 1210
126 0,128 2127
136 n,777 135

142 748,093 1s3
150 -87.%96 151
158 111,426 189

106 1519,

145 289,699
149 1A34,979
183 32,439

RUN 122, EVENT 308
ose H202 aPU PERFORMANCF oo

=13.75 DL69 -13.76 SPS 831,% SPT 490,.A8 pHéS
511,82 SPS58 4u4l,4) S5P62 347.78 SPéeu 1.%1 SP6e
531.01 STS 321,97 STT 903,42 ST14 977.%3 ST17
380,33 ST35 467.A4 ST39 %62,99 STU1  4A7.14 sTesS
748,04 STSA  7S0.A8 STE? 1942,22 STE® 1406.%0 ST6k
529,358 LTe 584,51 SNBLR24T72,.3A $013 9.10 sao83

0,646 0,000 1044 327.189 1ns 2.381
sesssese 1]n 12,986 111 781,343 112 12,864
“8,493 11A 44,703 119 Tl.€27 120 289.323
106,927 121F 135,537 122 228.9% 123 62,33%0
0,23¢c 129 0.AS0 130 0,461 131 0,429
0.900 1%7 0.%63 138 =0,N0A 139 0,428
2526,982 145 3133,4% 146 438,%85 147 22% ,R96

=270,286 152 sweasves 153 T203,457 1%6 ssevsanse 159 1914, 734
4,907 161 0.147
109 13509172,
148 12646,.409
152 34765,149
1S4 27561.696
RJN T31, EVENT 315
ses H202 APU PERFQRMANCF ons
T4
30
NEERING UNITS
$38.20 DL6a 4.07 DLEY 5.08 SPS 8B2.46 SPT S19,RS {HeE
2.31 SP2? 558,63 SPSB  S38,.85 5P62 73.75 SPe« 10,09 SP66
48e,20 RT&?7 S17,41 STS 513,92 ST? SBB8.49% 5716 9%33,7% ST17
463,35 ST31 466,50 ST35 562,99 ST39 661,63 STul %67.61 ST4S
731.26 STST 766,26 5158 752,30 ST62 19%5,34 ST6S 12935.88 STes
624,82 LTS 525,49 LTe 527.21 SNB1K27%5.88 SC19 8,72 So83
15.72
1.205 103 N.6%A8 0,nN00 10ua 48,709 108 3,742
27,118 109 sessssse 110 3,338 111 179,798 112 14,623
Q4.1 117 58,232 118 29,485 119 13,437 120 19.08)
55,629 121t 33,153 121F 84,478 122 19.869 123 61.49n
1.6%3 128 0,010 129 0.126 130 0,494 1331 0,481
0.u3 136 0,866 137 0,481 138 0,03% 138 0.29%
569,501 44 617,882 145 A41,196 146 -145.355 1a47 -96,.%2n
~21.573 152 6258,%71 1%3 226,176 154 6032,395 193 1936, 44y
1,718 161 J.143
109 1952895,
148 1442.Ch3
152 6258,.571
1594 6032,39S
LRUN 136, EVENT 336
ann H2C2 APL PFRFORMANCE e
Ty
30
MEEWING UNTES
567.54 DL6S 3.6 OL6E9 3,13 SPN  Bat,.um SPT %20.06 DWHES
2.15 S$P27 582,34 SPSA  SK8,98 SP62 76.1% SP&4  .10,%6 SP66
493.09 RT6? S33,43 ST5 $20,93 ST? 63%.36 ST1la %u4,4% ST1?
U17.28 ST3)] 421,28 ST35 543,05 ST39 6E1.B4 STHY «uB,47 ST4S
Tic.41 SYST  T62.41 ST%E 748,.,6% STE? 1964.62 STES 1319,36 5Tbe
609,44 LTS5 525,90 1T6 526,20 SAHATE27T1,.43 SR19 39 SC8Y
13.07
l.367 403 [ Lk 0,000 104a «3,909 1ny “,061
c0.H69 109 enessses . 110 2,986 111 1A0,A39 112 14,869
24,550 117 $5,882 118 27.8%6 119 13,97% 120 13,916
57,155 121€ 32,292 j121F 82,981 122 18,083 123 49, You
1,690 .28 n,oll 129 0,092 130 0,%06 131 0,473
0.319 13¢ 8,914 137 0,366 132 0,096 139 0.8%6%
703.122° 444 736,111 149 989,699 146 19,029 147 -8,2%%

-31,%

2,295

13 152 6704,09n0 153 32,439 184 £671,690 199 190%.3%0

161 0.137

109 199a31%8,

148 1389,379
152 6704,090
154 6671,A8¢

7¢ Cor 28 FEB 7% 13,984 HRS

198

84,41 DH6S
0.04 LP1 36%6.07
¢38.19 sT18  703.39
S03.%4 ST4? 1316,23
98B, 14 STBY 519,42
0.54 So8%S

10n
113

124
132
1ug
148
156

(2L Y]
369,304
0.000
4,475
0,403
43u1,322
seoEREDE
Aluu,197

3.89 NHe9
-11,10 - tP1 3
248,24 ST1A
S43,93 STa7 1
932.5%9 STauy

0.71 S08%

106
113

124
132
140
148
158

7764,061
162,938
0,000
0.637
¢.848
19,588
1462 063
3387 ,57+

“.02 DH6Y
-131.54 LP1 3
345,74 sT186
49,35 STu7 1

103%,96 STA«

0.71 SOAS

106
113

124
132
140
T 148
136

7519,.049
274,843
0,000
0,963
0,816
24,704
1389,379
878A,177

READING 3om
BAROMETER 13,38 PSIA

64,64

1,00

107 3.319
114  3a4,uB9 -
1218 8,689
125 3,413
133 0,344
141 58%3,250
143 sesensves
157 7897,382

READING 318
BAAOMETER 13,24 PS1A

3.29
826,08
679,19
193.62
590,33

1.0%

107 3,342
114 104,338
1218 4,304
125 1.19u4
133 0.188
141 24,332
149 2352,%69
157 7916,099

READING 338
BAROMETER 13,46 PSIA

3,00
805,08
588,57
233,20
603,93

1.04

107 3.00
114 101,068
1218 6,466
123 1,298
133 0.239
141 14,328
149 1834,979
187 7886,99%



RPE&
SP18

LP2
ST19
s191
ST86

162

101
160
119

126

1367

142
150
158

106
148
149
153

RF66
SF18

LP2
sT19
ST1S51
5186

Le2

101
160
115

126
134
164¢
150
158

108
145
149
152

apPe6
sP18

P2
sT19
S131
sT86

La2

101
160
11%

126
334
142
150
158

106
16%
149
153

[T 1] H202 APU PERFORMANCF ses
' DATE 12-16-74 AEADING b-34 %
CTIME  13-42-30 BAROWETER 13,82 PSIA
DATA IN ENGINEERING UNITS
872,30 ARP67 557,71 DLEB 8,87 DL69 4,31 SPSs 872,26 SP? 520,06 DMé8 3,84 OHEI 4,82
115,83 SP63 5,91 $P27 551.14¢ SPs8 438,98 SP62 93,8% SP6uy -9,#8 SPE6 <10,90 LP)Y 3768,.08
81.84 RT66 501,77 RT6T 332,07 STS 525,39 STT 648.74 ST16 %49.11 ST17 981,54 ST18 698.304 -
672.87 sT27 413,70 ST31 419,72 ST3S S47,71 ST39 676.2R $T#1 928,29 S5Tu3 489,98 STu? 1273,10
765.96 STS6 T18,.,41 STS7 ~762.11 STS8 7T49.67 STA2 19%4.38 STES 1331,R7 5T&6 1060.53 ST8G £09.30
583,96 LT2 646,52 LTS S26.20 LT6 %26.91 SNB162645,63 SO1% 10,43 5083 0.74 SQB8S 1,11
22.17 L85 14,77
CALCULATIONS
2.340 102 1.424 103 0.66% 0,000 10uA 82,282 108 W.09% 106 9169,.316¢ 107 3.3%7
1,366 108 28,668 109 sesesese 110 3,565 111 212,882 112 15,348 113 288.488 114 114.861
' 59,030 116 30,974 117 54,269 118 27,786 119 14,900 120 47,639 0,000 1218 6.787
0,000 1210 62,618 121L° 34,844 121F 90,674 122 24,186 123 72.649 124 0.63% 12% 1,50
0.1%2 127 1,988 128 0,017 129 0,133 130 0,498 331 D.471 " 132 0,878 133 0.187
. 0,687 13% 0.393 13é 0.924 137 0.321 138 0.0%2 139 0.%21 140 83,762 1si 25,091
926.567 143 BBS.630 144 940,003 145 995,593 146 S30.96% 147 <16.%97 148 1%99.918 149 1919,087
-93,242 151 ~-42.164 152 8296,917 1983 87.920 19% 8208,99% 1%% 19645%,937 1% 8812,335 187 7919.768
111,272 159 3.089 161 0.138 ’
9169, 109 1966438,
999,593 ju8 1599,918
1919.067 152 8296.917
87.920 156 8208,998
RUN 1hi, EVENT 378
ess H202 APU PERFORMANCF e
0sTC 12-16-7H READING 378
TIYE 13-45- 0 BAROMETER 13,42 PSIA
OATA 1Y ERGINEERIAG UNITS
870.7¢ RPe? 950.89 CLE® 10.22 DLEY 7.71 SPs  ApR,AY SPT  %01.K2 DHbs 310.23 DHe® 8,27
120,44 SPE3 1¢.0% SP27 %S47.79 SpS4  <33,98 P62 127.96 SP6y -9,13 $Phk -10.93 LP1 3767.08
90,06 RTeA 501,52 RTET 530,24 <18 25,02 ST? 688.04 ST1A %68.%% ST17 530,38 ST13 715,21
676.3% 127 317.97 ST31 ‘305,87 S13% 193,28 ST39 673,72 ST41 sna. 5% ST4S 536,68 STUT 1313.56
765,46 STS6 713,53 STS? 761.00 STSR 7u€,86 STA2 1935.02 §T65 1362.03 ST66 1131.52 STA4 619,42
591,67  LT2 675,64 L13 526.08 LT6 €26,80 SUBLA2%9n,38 SA1°9 10,43 Spa83 0.67 5085 1.04
29,72 LS 14,22 : )
CALCULATIONS
2.870 10g& 1.566 103 £ 4655 0,N00 10un 94,959 109 3.001 106 esesnses 107 3,336
1.367 138 32.95C 109 wesssese 117 4,750 131 291,620 112 14,198 113 327.037 114 146,726
1c2.6%4 116 %1,079 117 s, %82 117 35,201 119 17.%1s 120 63,76R 0,000 1218 7694
0,000 i2ic 51,766 121E 59,265 121 103.3u1l 122 43,384 123 71,438 124 0,843 125 2,026
v.246 127 2.023 128 -0,027 129 0.116 130 0.%09 131 0,449 132 0.813 133 0,178
0,463 135 0.299 136 n.943% 137 0.279 138 n.0%51% 139 0,690 140 -113,180 1%1 Wh,788
179,979 143 1613,308 144 1759,197 145 1777.16% 1%6 270,469 147 113,703 1u8 2288,749 149 2362.473
-122.007 151 - ©73.571 152 ewessess 143 Bu.647 154 evessess 155 1927.8Y0 156 8715.712 157 7904,787
116,258 159 3,699 161 0.138
121uF, 109 202%736.
1777164 L48 2289.%49
23p2,473 192 11625.1%5
B4 ,647 154 11%560.707
RUN 144, EVENT 38€
sne H202 APU PERFORMANCF .
DATE 12-16=7s - ; READING 384
TIME 13-49-31 BARNMETER 13,42 PSIA
DATA IN ENGINEERING UNITS
868,89 APE7? 9599.01 OLéB 13,75 DLAD 13.76 SPS 837,01 SP7 497,36 DnéS 352,49 DHBY 24,34
118,94 SP63 3,38 SP27 S40.30 SPY8 511,82 SP62 227.67 SP6N “6.83 SP6e -9,04 LP1 3708,08
82,98 RT66 S0U.91 RT6? £27.92 STS S17,19 SYT 700,24 ST16 590,83 ST1? 247,36 ST18  T38.19
675,08 sT27 224,49 ST31 311,36 ST3% 566,38 ST39 HUu, 1% STHL H91,48 ST4S 519,73 ST«4? 13%6,00
B4u,07 STS6 284,04 STS? 730.10 STRA 747,33 ST62 1987,90 ST6% 1394,K7 STEe 1091.21 ST8Y 626,96
601,22 LY2 708,18 TS 826,32 LT6 98,31 SNB162%8A,13 SO15 10,43 Spa3 0.63 SAasS 1,07
71.67 LGQS 14,37 :
CALCULATIONS
$.,062 102 3,308 103 0,000 1044 194,234 108 2.%A4 106 esessses 107 5,332
1,367 108 36,604 109 essesses 110 8,%8 111 528,201 112 14,081 113 393,151 114 246,028
203.%0% 116 159.9%2 117 46,945 118 38,822 119 310,911 120 181,992 0,000 1218 9.2%0
0,000 1210 41,778 121f 52,613 121F 99,386 122 1%0,69 123 70,201 124 1.96% 125 3,099
1,030 127 4,032 128 0,140 129 ° ' 0,905 130 0,469 131 D.%%8 3132 0.6% 133 0,232
D,28% 133 0,434 136 0.,9%% 137 0.346 138 -0,080 139 0.68%9 140 1376,.382 141 19%8,561
260%,608 143 2616.015 140 '3048,209 st 286%,1%6 146 481,187 147 272,336 148 §715,872 149 S486,242
305,411 151 =145,226 152 wesesses 153 33%6,133 134 seoessess 19% 1922.313% 1%6 887,275 157 T89A,404
106.822 199 4,957 161 0,143 o -
21279. 109 2067181,
2869,156 148 ST1%.872
5486,242 152 22961,141 ﬁ
33%6,13% 15¢  1960%,.007 AGE

RUN 144, EVENT 374

199



RPEE
SP1a

LP2
ST19
ST
ST86

Le2

18
160
113

126
134
1492
190
158

106
1453
149
133

RP&S
SP1ls

\P2
ST19
sYsy
ST86

La2

101
160
113

126
134
142
150
158

106
149
149
153

RPE&
SF18

LP2
5719
STS1
ST8s

L2

101
160
115

126
134
142
150
158

1086
14%
149
133

RUN 144, EVENT 394

. — ass H202 APU PERFORMANCF ses
DATE 12-16-7& READING 39%
TIME 13=53-33 BAROMETCR 13,42 p5ya
DATA IN ENGINEERING UNITS
866,69 RPEY 862,12 pLES 13.7% DL&9 13.76 5SPS 834,76 SPY “84,39 DHES 80,32 DMe9 59,26
102,87 sPé3 53,71 SP21 %20.2% sPss 458,17 $P62 360,20 SPe4 -3.74 SPée 6,74 LP1 3575,04
60,30 RT66 S00.2¢ RT67 325,90 SYS s14.77 STY £91.91 5716 601.% ST17 956,33 ST18 743,91
666,27 sT27 196.06 STH) 348,54 ST3S upS,ud ST39 606.36 STHI 493,40 STy 916,10 STuY 1341,.70
909,95 ST% 291.82 STS7 719,42 sTs8 Th6.11 ST62 19%7,90 $T165 1401.83 STes 1047,.89 STB¢  633,8])
609,77 LT2 713.90 LTS 526.62 16 %p2,77 SNB14£2377.8a S519 10.83 Sg83 0.67 5aes 1,21
130,37 LQS 14,02
CALCULATIONS .
T.677 102 $.033 103 0.6%5 0.000 1048 329.631 1ns 2,313 106 eesseses 137 3,3
1,367 108 384617 109 sessesas 110 12.710 113 802,314 112 15.%60 113 428,0%8 114 368,444
339,763 116 250,513 117 45,945 11a ‘42,340 119 31,198 120 267,332 0.000 1218 10,071
0,000 1210 la,812 121¢ 99,462 121F 128,208 122 240,28y 123 69,837 12 3.6%8 125 4,018
2,363 127 S.318 128 0,209 129 0.86% 130 0,4%9 131 0.433 132 C.50%5 133 0,278
0.209 133 0,418 138 0.932 137 0.399 138 =-0,130 139 0.86% 140 3438,313 14y 4976,261
3072.287 143 2913,075 144 3641,979 145 3499,822 146 %86,284 147 3519,18% 143 essessen 149 9699,169
717,375 151 -213,99p0 s2 *essesnr 153 £568,289 194 esessens 1% 192%,796 1% 8610.3141 197 7899,.4u4p
108,996 159 $.59% 1s1 J,14¢C
32404, 109 2083003,
3499,822 148 10511,6¢7
9699.169 152 35078.,606
6%65,289 154 28510,318
RUN 145 EVENT 400
LA 1] H202 APU PERFORMANCF LY
BATE 12-17-74 READING 400
TIME 15+%§.21 BAROMETER 13,34 PSyIA
DATA [N ENGINEERING UNITS
881,93-RP&T 853,46 OLéd Asl6 DL6Y 4,73 SPY  B880.6. SPT 817,02 DwWee 6,02 OME9 L4.65
103,60 SP6&3 6.96 SP27 S48,19 spsg S35,74 SP62 96.7% SP6u =9.93 SP66  -11,00 LP} 37e60,08
72,66 RT66 %01.40 RT&7 525.07 STY S21.18 ST7 602.72 ST16 9%1,.9% ST17 545,15 ST18 694,75
676,49 STRT? w21,.41 ST31 423,06 T35 351,54 ST39 632,27 ST41  8%9.n% STuS  S42,6% ST4? 1197,.866
765,46 ST36 T23,48 ST57 763.52 STS8 750,17 ST62 1960,14 ST6S 1297.0) ST66 930,26 STB4 591,33
368,07 LT2 648,29 LTS 865.60 LTh 529,41 SNB142677. 3 5019 24,99 $yA3 0,69 508% 1.04
22,47 LGS 14,17
CALCULATIONS
2,2%0 102 1.467 103 0,691 0,000 104a 77,798 1ny 2,607 106 9446,393 107 3,330
1,367 108 28.877 109 esennnes 1in 3,717 111 253,718 112 18,426 113 209,39¢ 114 128,408
82,631 116 -906,660 117 $7.559 11a 36,935 119 .405,267 120 “a, 39t 0.000 1218 4,832
0,000 1210 50,690 121€ 994,12¢ 121F 1039,982 122 .911,493 123 173,933 124 0,765 125 1,484
0,088 127 2,1%2 28 0,004 129 0.122 130 D.49% 131 0.47% 132 0.912 133 R.127
0,596 135 0.495 136 2.868 137 G.au9 138 0,055 139 0.336 140 12.469 141 l4.u59
977,463 143 949,493 144 1005,998 u= 2012,%60 1ue »123,636 147 <R6,3%R 143 1748 Sk 149 2710,2490
*105,943 151 <2B8,714 152 essesese 153 eeenesse 15¢ 7619,.061 1%5% 1923,637 156 B6T2,742 157 7903,318
109,735 159 2.05% 161 0,139
AL LT-3% 109 1985742,
2012.%60 1u8 174%,541
2710,240 152 -3212%,421
«39744,488 154 7519,061
RUN 145, EVENT 406
ene H2N2 APU PERFORMANCF see
CAYE 12-17-7% READING %06
TIME  19+%9-11 BAROMETER 13.34 PSIA
DATA 1t ENGILEERING UNTTS .
877.92 RPET . %52.97 OLes 10,44 DOLAY 8,08 SPS B873.64 5P? S03.84 Dues 10.71 OKe9 8.27
1A, 14 SPE3 13.0¢ SP27 546,05 $P58 %30.33 SP62 131,06 SP6u =9.02 SP6e  =~11,10 P1 3727.08
70,58 itTee 499,87 RYg7 527,27 STS5 =21,90 ST? 679.63 ST16 553,97 ST1? S37.43 ST18  722.3%
68%,7% SY27  31%.44 ST3, 335,83 S35 495,32 STY9 68u.6% 5TuY %10.40 ST45 330,17 ST47 1306.40
762,66 ST36 714,21 ST57 754,95 ST5a  74p,35 STe> 1959.50 ST65 13%4.88 ST6& 1119.09 ST84 610,87
583,61 LT12 684,18 LTS 865,80 L& “27.33 SnBl&2519.63 SD1a 24.99 5083 0.63 $085% 0.9%
29,42 LQY 14,02
CaLCULATILNS
2,9%3 102 1,93« 103 3,659 0,000 10uA 94,249 108 3.099 106 sevseses 107 3,348
1,367 108 33,418 109 exvesess ji¢ 4,868 111 299,667 112 13,214 113 330,320 31 182,90
102,021 116 -A78,766 117 51,193 11a 34,045 119 -293.2%2 120 62.77? 0.000 1218 T.772
0,000 1210 58,715 121E 986,550 3121F 1€39,503 122 -846,%3a 123 170.3314% 124 0,878 12% 2,088
0.161 127 2,772 128 £.04% 129 0,108 130 0,437 132 0.498 132 0,834 133 0,169
0,4%1 13% 0.381 13 0,941 13'7 6,285 138 0,n48 139 0.662 140 195,021 1s1 27,388
1564,561 14} 1738,062 144 1888,.920 14% 233,040 146 192,413  ju7y 96,627 148 237,610 149 2469,723
=119.564 151 73,244 152 ssemesss 15% evessese 154 seassnes 1%5% 1934,706 156 B6&8S,878 157 7909.366
109,617 159 3.788 81 6,13n
12456, 109 2031069,
4233,040 148 2374,610
2469,.723 152 «279p2,.%62
=-39%66,834 158 11664,261

200



RUN 145, €VENT 412
eme H202 APL PERFORMANCF con
DAYTE 12°17=74 ACADING 412
TIME le- 3-11 BAROMETER 33,368 PSIA

DATA IN ENGINECAING UNITS

RFP66 873,31 RP6T 5%,89 OLFH 13.75 OLRY 13.76 $P% Be1.B2 SP? 904,05 DHEB 31,45 DHeY 24,26
sp18 110,74 SP63 31,13 SP27 536.82 SP58 506,68 3P62 239,97 SPéu -6,78 SP6s  =9,38 LP1 3683,07
LP2 79,69 RT66 499,56 ATH? S26.,08 &TS S14,89 ST? 696,08 ST16 976,39 ST17 S40.07 ST18 630,69
ST19 669,89 sT2Y 218.%8 ST3) 313,95 ST3S 4e7,40 STI9  6%4,1% STHY 492,10 STuS 516,10 STH7 1392,43
ST51 BunN,BA S5TS56 2R4.04 STST 731,43 STHA  747.94% ST62 19%.9%4 ST6S 1390,42 ST66 1082.12 STAY 619,47
STB6 S94,.B4 LT2 TLI,BS LT B6S.60 LT6 =47,36 SNA1A24BA,13 SO13 24,99 Su83 0.%8 S08% 0.98
L92 70,52 LO% 14,12

CALCULATIONS

101 5,053 102 3.2e6 103 fepl6 0,000 304a 191,832 1098 2.606 105 ®ecesess 3107 3,519
160 1.368 108 38,003 109 sesssens 110 8.319 111 525,624 312 13.109. 113 367,996 114 246,082
11% 200,391 1lle -798.150 117 46,940 118 38,086 119 -1S1,84A 120 148,266 0,000 1218 8,658

0,000 121D 55,350 121f 1007.00C 121F 1053,692 122 -806.A09 123 167,34 128 1,962 329 3,090
126 0.993 127 4,059 128 0.152 129 . 0,89% 13¢ 0,433 1M 0,47% 132 1,019 133 0,109
134 c.284 135 0,430 436 0.9% 137 0,3%2 138 =0,074% 139 0,842 140 1502,789 341 1876,.927

142 2581,9u1 143 2774,983 144 3199,4%9 145 esessess 146 408,199 167 212,264 3148 S711.436 Ju9 3%60,432
150 292,054 151 143,618 152 esseases 153 seveewes 154 seessser 139 1911,994 196 8775,877 187 7891.210
154 111,210 189 4647 161 N.137

106 21039, 109 2084875,
145  =1991,606 Le8 5711.436
149 5%60.432 152 -18994,523
193 <37us8,R873 154 19X94 ,345
RUN 147, EVENT 420
e H202 APU PERFORMANCH sse
DATE 12-1A=74 READING 820
TIME 15-23- 0 "BAROMETER 13.33 PS1a

CATA IN ENGINEENING UNITS

APB6 867,09 HPeT 549,86 OLES 5.97 DLAY 4.48 SP= AY1.43 SPY 426.34 DHeB 6.23 DH6Y 8,08
SP18 11R,90 SP&3} 5,40 SP27 550,47 SPSA 236,41 SP62 95,05 SP6u -9.%8 SP6s «10.88 LP1 3775,09
LP2 89,+5 RTe6 502,38 ATE? S36,26 STS 522,62 STY 6%50.%7 ST1e  S%3.74 ST17 S42.06 ST18 489,10
ST19 663,39 5T27 353,2¢ ST31 357,96 ST3% S51G.23 ST39 67C.16 STel 920,71 STu5 938,50 STuT 131315,.%56
$TS1  ?753.9% STS6  T15,7 STS7  76l.10 STHA 747,74 ST62 19%%.66 ST6S 13%6.AT ST6& 1119.09 5784 604,04«
STBE  %79.00 LY2 639.82 LTa: BaS.A0 LT6 26,91 $1nA142692,AR SN0 13,42 5083 0,65 SuBS 0.%6
Lo2 14,97 LGS 15.17

caLgcuULATIONS

T 101 2.1%9 102 1.430 103 0.66" 0,000 10u4a SA.P3N 108 3,661 106 9208.348 107 3.33
160 1.367 108 £9,677 109 sesseees 11N 3,589 111 214,%7s 112 13,435 113 278,620 114 - 111.%40
115 65,385 * 116 «97¢.3RA 117 $2,047 110 310,429 119 453,463 120 29.292 0,000 1218 6.55S

€,000 1210 52,709 121€ 1046,330 121F 10%2,484 122 -9%40,%u 123 95,227 124 0,626 12% 1,533
128 n.12¢ 127 2.032 28 0,011 129 0.117 13¢ o 487 131 0,480 132 0,89% 133 0,14}
134 r,546 133 C.347 136 0,949 137 0,290 138 0.0%6 139 0.%3& 140 33,219 1u} 21,391

142 1109,2%9 103 1102,18% j4% 1173,6%4 14% 1%37.502 146 133,014 147 69,4684 1up 169%,62¢ 149 183,082
190 «1U1.004 ISl 43,921 152 ssessase 15% esndsnse 134 RSA6,277 159 1938.967 156 8908,202 197 7911,807
158 112.%93 159 3.n4B 16} 0,13

106 9208, 109 1978277,
145 1537,502 J4A 169%,624
149 1851.882 192 «34277,%19
193 ~u2n63,003 154 8%86,277
AJN 147, EVENT 424
. . ses H202 APU PERFORMANCF nes
OaTE 12-18-74% READING w24
TIME 15-2%- 0 BAROMETER 13,33 PSta

DATA IN ENGINEERING UNITS

AP66 865,48 RP67 989,99 DL6B  13.7% OL&9 13,76 SPS 852.29 SP? 501.01 DHea - 43.63 DH6I  32.01
SsP18 123.33 SP6S  37.60 SP27 S40.57 SPS8 %0D.u7 SP62 262.47 SP64  -%,90 SP66  -8.63 LP1 3704,.08
(P2  80.%0 RT66 505,13 RTET 529,53 STS 920,69 STT 69%.1% ST16 563,79 STIT 931.42 STI8 731.84
ST19 664,67 ST27 223,19 ST31 332,12 ST3% 467,72 ST39 629,44 5T81 492,41 STeS 309,29 ST47 1341,03
STS1 870,37 ST56 284,06 STS? 726,30 STS8 747,74 ST62 19%.62 ST6S 1386.63 ST66 1045,82 ST84 615,04
ST86 %88.1% LT2 704.81 LTS 86%.60 LT6 %26.68 SNO1A24u0.88 SO19  13.43 SQ83 0.53 5085 0.92
L92 88.92 LO%  1%.17 .

CALCULATIONS
101 8,76k 102 3,778 103 0.6%% . 0,000 104a 228,410 10% 2,506 106 esemsnss 107 3,387
160 1.367 08 37.116 109 ssvacess 110 9,543 111 994,178 112 12,190 113 333,964 114 282,479
115 236,739 116 ~926.792 117 47,283 11N 39,576 119 -1%4,936 120 187.996 0,000 1218 8,328
0,000 1210 Su,068 121€ 1171,8640 121F 1217,600 122 -93%,121 123 90,%¢% 124 2,%02 125 3,262
126 1,416 127 4,348 128 0,168 129 0,905 130 0,456 131 0,460 132 0,612 133 0,254 -

134 . 0,23 139 0,453 136 0,945 137 0.389 138 -0,104 139 D.84A 140 1980,630 141 2823,017
142 2609,017 143 2667,148 144 3151,227 14% 3900,437. 146 328,142 147 174,740 148 T241,485 149 7031,360
190 W32,984 151 158,222 152 seessves 133 sesswses 154 sceseses 1% 1927,266 156 463,402 197 7902,79%
198 107,094 1359 N.496 161 0,142

106 2v328. 109 2088382, :

185 3900,837 198 7241,4a3

149 7081.360 52 -21529.696

153 42893897 154 21364.196 ORIGINAL PAGE -} :
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RP&6
sP18

LP2
$T19
$T31
ST86

Le2

101
160
118

126
13m
142
150
158

106
148
149
193

RP66
SP18

P2
STi19
ST
ST86

L2

101
160
113

126
134
182
150
138

106
148
149
1%3

RPEE
SP1B

LP2
S$T19
ST51
ST86

LQ2

101
160
113

126
134
142
150
198

106
168
149
153

202

RUN 147, EVENT 432

) ses 4202 APU PERFQRMANCF oo
OaTE 12-18-74
TINE 19%-29- %
Dava IN ENGINEERING UNITS
866.69 APET 599,30 DLew 11.91 DLBY 8.99 SPS 870,23 SPT 511,34 DMEA
112,17 SPe3 13,60 SP27 556,22 SPB8 842,22 5P62 141,86 SOG4 =-8.8% SP6&6
77.62 RT66 306,93 AT67 529,82 STS S19.49 SY?T 697.87 STis SR4,.06 ST17
718,93 sT27 227,07 ST31 234,42 ST3S 465,61 ST30 717,88 STH1 4AR8.19 ST4s
767,24 ST36 309,92 STS7 753,954 STS8 746,01 ST62 19%6,06 ST6® 1374,10 S766
399,23 LT2 733.% LTS B865.60 (Té %25,2% SN81£2%19,63 $C19 153.76 S@A3
331.62 LQS 159.32
CALCULATIONS
3,108 102 2,014 103 0.648 0.000 1044 99.4% 108 5.089
1,368 108 34,630 109 sevecnse 110 9.121 1311 317,.8%% 3112 13,349
108,342 116 -951,75) 117 48,873 11R 34,N8% 3119 -299,42¢ 120 66,819
0,000 1210 59,859 121€ 1068,980 121F 111%,9% 122 .960,.637 173 21,049
0,139 127 2.967 128 0.013 129 0,483 13 0,478 131 0,479
0,416 138 0,402 136 0.950 137 0.271 138 0.04C 139 0.7%%
2339,340 143 2434,706 144 2473,266 14% 3286,431 146 417,%65 147 231.680
«103,639 151 <«86,24%3 152 sevsssve 159 wsesesss 159G essvsswe 1% 1913.911
112,491 199 4,995 161 0.13%
12969, 109 20482%1,
3286,431 148 2586,071
29%1,%0% 192 -37867,011
-43500,377 15¢  12633,362
RUN I1LB, EVENT 44
oo H202 APU PERFORMANCF see
DATE 12=18e7&
TIME 16~ 9- 1
DATA IN ENGINEERING UNITS
856,06 RP6? 593,62 DL6S 13.75 DL&S 10,67 SPS 8%8,01 SP7 =0%,&7 DH6S
103,49 sSP63 15,78 SP2T7 549,93 SP%8 534,319 SP67 143,86 SP6N 0.33 SP6s
69,69 ATé6 302,36 RT6T 527,98 ST 523,10 ST7 677,83 STié 587,42 ST17
627,48 ST27 286,99 ST3]1 342,91 ST3% 4é8,.3% ST39 620,2% ST WA3, 39 S14%
810,99 sT% 301.03 ST57 746,62 ST%8 749,87 ST62 19%A,22 STES 1u40,31 SThe
602,33 LT2 626,34 LTS 865.60 LTe 525,72 SNA{62%86,88 $019 13,42 SQ83
29.%2 L= 1%.32
CALCULATIONS
3.4u1 102 2,172 103 n,631 0.000 104a 94,48 109 3.568
1.369% 1c8 11,494 109 ssesewrse 110 S.61% 111 274,9%0 112 13.178
103,372 116 «971,713 117 55,694 11m 37.%96 119 -3%3,81u 120 63,656
0,000 1210 99,342 121€ 1083,971 121F 1]134,428 122 -9A0,600 123 %% ,5%6
0,434 127 3,006 128 0,106 129 0,973 139 0,482 131 0.493
0,382 133 0,418 136 0,922 137 0,334 138 -0,014 139 0.69%2
1440,187 143 1S88,111 144 145 2166,673 186 462,099 147 2%7_.390
39,127 151 ~-80,694 152 153 sesssser 134 erecsnss 1% 18A8_19%
104,128 1%9 4.921 161
13989, 109 1616174,
166,672 148 3uy47,737
377,322 152 «29567,2%%
<43u39,519 184 13852,29%%
RUN 149, EVENT 449
cae  H202 APU PLRFORMANCF  ses
DATE 12-19-74
TIME 13-31- 1
CATA IN ENGINECRING UNITS
860,87 RP6T 953,95 OL68 4,94 9Lk9 3,78 3PS B64.62 SPT 924,31 DHeA
130,87 sPel 3.38 SP27 5S1.,9¢ SPaa  %32.8% SRe2 B2.5% SP6u ~9.91 SP&¢
92,86 RT66 903.24 RV67 $37,20 .STS 524,30 ST? 624.07 ST16 %30.4% STLY
S73.46 ST27 385,34 ST31 372,16 ST35 481.76 ST39 876.69 SThy 487.49 Stus
Ta7.49 STS6  728.50 STS? 763.62 STHA  749.A7 ST62 1950.86 ST6% 1312.65 STes
559,67 LT2 841,01 LTS 865.60 LT6 %23,10 SNB162708.63 S019 13,08 sqey
20.52 LGS 41.%2
CALCULATIONS
1,988 102 1,298 103 0,6%0 0.000 104a 87,728 108 3,411
1,367 108 27,743 109 seesesss 110 3.202 111 195,330 112 9,079
64,007 116 weweeses 137 36.046 118 32,768 119 esssense §2¢ N, 767
0,000 1210 $1.522 3121€ 2839.977 121F 288%.218 122 essessse 123 26.663
S.197 127 1,791 128 -0.034¢ 129 0.102 1% 0.33% 1M D.use
0.5%3 138 0.671 136 0.899 137 0,403 138 0.0%7 139 0.836
733,295 143 595,738 144 634,187 145 T7AB.439 146 160,37 147 113,771
=95.726 151 =30.981 152 seessese 151 Seenssger 156 949,41k 1%5 1921,.12%
108,207 199 3.093% 161 0.340 ’
s33c, 109 19637480,
788,439 148 1770.428
2299.167 152 veaesesssne
I LI 1.54 6945.416

11,93
-10,8%
845,350
328.14

1184 .18
0.62

Dv6®

Le1
sT18
STy
STBY
5089

3
1

106 esesnnss
115 377,680
0,000
0,923
132 0.e21
le0 T0.966
148 2%86,.073
1%6 8875.330

124

READING
BAROMETER 1
8,98

699,08

772,80

332,%4

629,96
0.99
107 3,323
114 159,316
1218 °  a,88%
12% 2,183
133 0,173
181 124,658

149 2551,50%
157 7889.750

N32

3.32 pS1A

3,33 ps1aA

13.36 Pasa

READING 442
BAROMETER 1
13,97 ©HE9 11.13
=0,00 LP1 376%,08
543,93 ST18 66%,0%
523,22 STW7 1369.19
1133,5% ST8¢ 619,37
0,61 S08% 0.97
106 ssessese 107 3.289
113 377,670 11 153,828
0.000 1218 8,886
12% 1.17%0 12% 2.270
132 0.712 133 6,190
140 620,.62% 141 792,362
148 3487 737 149 3774,322
156 8203.305 137 7875,162
READING [ T1]
BAROMETER
4,76 ONES 5.97
=11.22 LP1 3868.08
501,63 ST180 887,76
511,36 STu?T 1232,17
987,68 STB  SB6,.14
0.4% SQ83 0.63
106 8330.1%3 107 3,327
113 266,982 11s 108,248
0.000 1218 6.281
124 0.706 129 1,202
132 0.893 138 0.138
140 «03.441 18} 26,939
168 1770,428 149 2299,167
156 8349,433 157 7900.%6%



RP66
SP18

P2
s119
STS1
sST86

LQ2

10
160
11%

126
134
142
150
158

106
145
149
193

RPEE
Sp18

LP2
ST19
$T51
5186

LG2

101
160
118

126
13%
42

150 .

158

106
1458
149
153

AP66
spie

LP2
sT19
ST91
ST86

Lo2

101
160
118

126
134
142
130
1%8

106
148
149
153

ses H202 APU PERFORMANCE sve
DATE 1219-7¢ REAOING (T 1%
TIME 15-47- 0 BAROMETER 13,36 PSIA
DATA IN ENGINEERING UNITS
872,91 KP6T 561,96 DLEB 13.7% JLAkS 13,76 SPS  B62.,42 SPT u93,71 OHéES 34,84 DHEY 26.7%
127,87 sPé3 33,086 SP27 S44 ,u4S SP58 512,09 SP62 232.97 $P6u =6,A4 SPeB -9,40 LP3 3724,08
92,21 RT6Fk 905,49 RT6? %28,10 STS 521,7B STT 693,08 S5Ti6 S69,A2 ST17 532,5%¢ ST18 721,71
660,13 ST27 207,54 $T31 333,43 ST3S u6R,16 ST3I9 32,26 STl 493,24 STUS 910,%1 STu? 1333.43
891,12 STS6 2R4,04% ST57 722,71 STSR  T49,16 5762 19%3,42 ST6S 1386.18 ST66 1010.39 STBU 614,44
589,10 LT2 693,22 L15 865.60 LTée 521,07 SnB1A242%.13% SQie 15,86 SQ83 0.93 SQ8s 0.9
76,22 LQ@S 42,92
CALCULATIONS
%.309 102 3.409 103 Geby?2 0.000 1044 205,024 108 2.5%1 106 sesresse 107 3.310
1,368 108 37.671 109 seseeeee 110 8.719 111 9%0.24Y 112 12.20% 113  3%2.42¢ 11 . 2%9,69%2
213,316 11b sseeesss 117 47413 119 38,767 119 «%13,31%t 120 161,516 0,000 1218 8,292
0,000 1210 S4.627 121E 3046.092 121F 3092,428 122 esessese 123 931,270 12« 2,498 123 2,854
1,478 127 3.B36 128 0,184 129 0,888 130 0.4%0 1131 0.471 132 0.646 133 0,243
0.2%9 135 0,449 136 9,939 1357 0,429 138 -0,131 139 0,862 140 2109%,487 141 30u42,600
2382,977 143 2929,751 144 2946,321 145 3593,857 - 146 345,185 147 178,98 1u8 7030.689 149 7112,042
431,580 151 «l41,804 152 eeseecar 153 wsesnews 15U smevesss 1%% 1905.874 156 B259,.765 157 7883,100
104,711 1%y 4,406 161 0.1u46
21953, 109 2082384,
3%91,8%7 148 7030.689
7112.042 152 weorevsans
ssevesasas 154 18962,401
RUN 151, EVENT 487
e H202 aPU PERFORNANCF s
catTE  12-19-74 READING “67
TIME 1%-50- 1 BAROMETER 13,36 PSIA
DATA IN ENGINEEKKING UNITS
870.90 RP67 962.77 DL6B 13.75 DLA9 13,76 sSP5 837.97 SPT 4A8,44 DRES 89.36 OHeY 69.67
106,3% sP63 56,30 SP27 %1%,43 SPS8 Wu«,39 SP62 3h8.%A SP64 -3.8% SP&6 ~6,68 LP1 3586.04%
$3.92 nT66 %06,77 AT6? SB26,68 SIS S16.46 STT 687.62 STle %A80.41 5T17 938,84 STiI8 740,48
662,48 $T27 177,43 ST3)1 3u9.57 ST3A5 ubb.63 STI9 601.%6 STU1  49u.4% STHS %10,76 STu? 1298.98
951,92 $T% 308,78 STSH7 72%.07 STS3  T4A,04 STE2 1942.B6 ST6S 1382.19% ST66 987,68 STAM  §26.83
601,%0 T2 7T1i.64 LTS B8b%.60 LT16 %54,89 SKB1r2330,.63 SK19 13.%3 5083 0.60 So85 1,09
139,07 Le9 42.97
CALCULATIONS
8,23 102 5.256 103 J.63¢( 0,000 1048 350,877 109 2.306 10f wwesssse 107 3,503
1,368 108 38,940 109 sasssese 110 13,489 111 8%3.,n% 112 14,110 113 443,554 314 397,659
361,313 1llb vsseexes 117 46,568 11R 42,35% 119 -295,633 120 286,598 0,000 1218 10,436
0,000 1210 46,782 121E 2A93,655 121F 2930,011 122 wmesssves 123 89,373 12 4,610 123 3.622
2,903 127 5,329 28 n.222 129 0,830 13 0,466 131 0,425 132 0,492 133 0,284
0.189 13% 0,483 138 0,90" 137 0,452 1138 ~0,110 13s 0,820 140 4571,349 141 6388,.963
*216,763 143 29%7,607 44 3735,43¢  14% LuEH,39% 146 UN1,ATA 14T 262.174 1YB sessenes 149 seasesss
AE1,916 151 215,314 152 seseonee 1%5) seasceses 154 ssesseces 155 1893, 3356 196 8292.196 157 7880,647
105,222 1959 5.866 161 N,168%
33839. 109 2088936,
“ugu,395 148  12832,287
11368.719 i52 -82615,716
asssysegs 154 287u%.70A
RUN 151, EVENT 469
aasx H202 APU PLRFORMANCF LYy
DATE 12-19-74 REAOING w69
TIWC 15-32- 1 BAROMETER 13,35 PS1A
DATA IN ENGINEERING UNITS
872.10 RP6Y 999,99 DL6S 16,14 DL&Y 7.%9 SP3 873,24 SP? 498.9B8 DHéb 10,36 DH69 7.85
107,99 5Pe} 11,96 SP27 . 537,16 SP58 S42,36 SP62 129.46 SPeu ~9,34 SP66 -11,22 (Pl 3736.08
76,48 RT66 506,65 RY6T 928,41 STS 518,64 STT 695,08 STis 588,38 ST1Y 999,15 ST18 7%0.13
702,92 sT27 . 205,20 ST31 236,27 STIS 464.26 ST39 705,18 ST41  &8%,33 578 533,53 STu7 1329.41
794,91 sT96 284,06 STET 749,97 STS8 747.03 STE2 193%,.02 ST6% 1375.46 ST66 1108.23 $TAW 631,34
603,21 LT2 708,12 LTS B865.60 LT6 526468 5NB16293%,38 SA19 13,79 SQ83 0.69 508% 1.03
28,32 1L0% 43,02
CALCULATIONS
2,8%8 102 1.084 108 0.659 0.000 104a 91,648 109 3.104 106 e*=eesess 107 3,344
1.367 108 35,904 109 ssassess 110 4,742 111 29%,3%0 112 19,17¢ 113 349,488 114 143,314
99,068 116 vessessd 117 “8,778 118 33.928 119 --9%0,606 120 60,477 0,000 1218 8,223
0,000 1210 81,669 121£ 2906,209 121F 2949,6%% 122 sessseee 123 92,415 124 0.937 12% 1.920
0,2% 127 2,606 128 0.,0%2 129 0,866 130 0,486 131 0.4s8 132 0,842 133 0,168
0,467 139 0.203 136 a,987 137 0,313 138 0,010 139 0,763 140 276,164 141 434,690
2122,.818 143 2140,848 144 2345 %42 148 2672,906 146 463,469 147 187,160 148 2997,.840 149 2709,.072
~25,388 13) ~79,772 152 sescesse 15S) aesseses 154 eeeevess 1% 1932,.93¢ 156 8820.116 157 T7906.201
111,999 1%9 3.920 161 0,136 ’ T
12130, 109 2088249,
2872,9¢06 148 2597,84p
2709.072 152 ssasssseas
I YYTIITL 15%  11248.7%1

RUN 151, EVENT L6L
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RUN™ 161, EVENT 474
ase H202 APU PERFORMANCF ese
DATE 12+19=7% READING “Tu
TINE 18+87- 0 BAROMETER 13,36 PSIA

OATA IN ENGINEERING UNITS .

AP66 871,30 APST 9%9,01 OL6S 6433 DL&Y 4,72 SPS B873.84u SPY B512,3% DWes 6.63 DMEY “.83
SP18 129,70 SP63 6.33 SP27 539,44 SPI8 388,71 SPE2° 107,96 SPes ~9,82 SP66 <11,41 LP1 3761,08
LP2 94,81 RT66 S06.10 RT67 526,735 STS 823,42 ST? 695,36 STi6 60%.37 ST1T $58.06 ST18  769.%2
ST19 728,34 §T27 222,87 STHL 240,42 STSS 470,26 ST39 738.87 STe1 G87.38 STuS S83.43 STu? 1318.2%
STS1 762,15 STS6 688,62 STST 757,06 STS8 748,71 ST62 19%%5,02 ST6S 1361.A1 STeé 1142,80 STB4 . 637,35
S5T86 611,42 LT2 713,37 LTS 865.60 LT6E 521.49 SNB162661.38 $019 13,92 Sca3 0.72 SQ85 1.08

L2 20,82 LGS 82,32

CALCULATIONS .
101 2.2%9 102 1.4% 103 0.664 0,000 31044 59,460 103 3.778 106 9622.267 107 3.38%
160 1.366 108 34,246 109 semesess 110 S.T64 111 230.479 112 14,914 113 423,372 11¢ 115,304

119 69,421 116 esscense 117 50,085 118 30,120 119 sseseces 3128 49,5698 2,000 1218 2.961

0.000 2210 39,688 121 2878.874 121F 2924,397 122 esesesss 123 93.2¢% 12« 0.613 12% 1,638
126 0,393 127 2,09% 128 0,032 129 0.136 130 0,461 131 0.30¢ 132 0.897 133 0.137
134 0,%99 3138 0,400 136 0,%6 137 0,270 1323 0.048 139 0.738 140 122,798 141 39,992
142 1687,868 143 1934,759 144 2065.718 14% 2%a0.337 146 499,215 147 320.709 148 1636,820 149 §760,363
150 =29,407 151 62,395 132 sseevess 153 saesevas 154 9142.775 1%% 1960.%28 156 989.029 157 71910,090
198 119,961 13% 4,976 3161 0.126

106 9622, 109 2031210,

148 2%80.337 148 1636.820
149 1760.363 152 ssesesesss
153 etevesnnge 154 142,775

RUN 154, EVENT 501
ese H202 APU PCRFORMANCF sse
DATE 1= 8=78 - READING 501
TIME 152131 BAROMETER 13,21 PS1a

OATA IN ENGINEERING UNITS
RP6E B64,28 RPET 959,89 DL6S 4,67 DL69 3,26 SPS 862.02 SPY S18.80 OMeB 4.76 CHEY 3.52
sPla  121,%0 SPé63 3.77 SP27 558,23 PS8 546,95 SP62 8u,.89 =10,97 SP64 +10.97 LP1 3780,09
Lr2 82,30 AT66 493,09 RY6T S18.73 STS 811,00 ST? 661.31 STis 570,97 SY1? %2S.s1 ST18 S83.00
ST19 T07.49 sT27 30,81 ST31 349,70 ST35 466.18 ST39 S72.61 ST41 472,17 STus $26.10 STu7? 1200.80
ST31 1100.07 ST36 284,04 STS7 731,63 STSB 747,94 ST62 19%32.78 STES 13647.06 ST66 T8B9.74 STAL  £16.8%
STB6 382.83 LT2 522,86 LTS S12.7? LTé S17.71 SAS162866.13 SO19 13.08 5Q83 0.54 scas 0.83
L02 18,87 L@S 67.72

CALCULATIONS
101 1,880 302 1.273 103 0.676 0,000 t104A 37.71% 108 3.278 106 819%,85« 107 3.380
160 1,363 108 43,847 109 seesssse 11D 3,153 111 200.763 112 11,871 113 355,030 114 98,253
1% 66,069 1le 89,848 117 49,194 118 32.908 119 44,733 120 28,222 0,000 1218 - 8,353

0,000 1210 80,537 121€ ~19,425 123F 16,758 122 81,494 123 97.5716 124 1,399 12% 0,280
126 0,849 12127 1,083 128 0,284 129 0,777 130 0,922 133 0,480 132 0,911 133 1,086%
134 0,988 138 0.4% 136 0.821 187 0.678 138 -0.073 139 0.771 140 1917.073 141 2374,881
182 731,386 143 639,432 144 673,719 16% seesewss 146 342,413 147 230,307 148 3753,902 149 3722,48¢
130 107,330 131 -%2,036 152 8009.852 1%% 2789.796 1%% $220,.0%7 158 1964,162 156 9106.696 157 7931,.269
158 114,820 199 4,088 161 0,131

106 8198, 109 2100798,
143 «7403,449 148 31753,902
149 3722.486 152 6009,852
133 2789.796 1%u 5220,087
RJUN 'Sk, EVENT S13
sse H202 APU PERFORMANCF see
DaTE 1= 8-73 READING 131 ]
TIME 19-25-%6 BAROMETER 13,21 PS1A

DATA IN ENGINEERING UNITS .

RP66 675,11 RP6T 987,38 DL6b 8.52 DL&Y 6,18 5SPY AT70,23 SPT S06.A8 DHéA 8.50 DHeY 6.63
SP18 123,15 sPéed 9.358 SP27 955,69 SPS8 943,31 SP&2 118.ug =10.83 SPée -10,83 (P1 3797.08
LP2 79,04 RT6& 493,53 ATE7 S18.79 SIS S10,15 ST?T 693,69 STi4 SA¢.23 ST1? 523,88 ST18 570.06
ST19 725.26 sV27 49,31 ST31 338.36 ST3S u6%5.22 ST39 S53,06 STH1 471,98 ST4% $21.54 STe? 1198.11%
STS1 1118.19 sTS6 284,04 STS7 727,02 STS8 747,13 ST62 19%8.22 ST6S 1361.36 ST66 790,49 STA% 622,31
ST86 389,83 LT2 525,72 LTS 511,08 LT6 519,45 SNB1A275%5.Ba $O19 12.96 5083 0.55 3003 0.91
LG2 29,47 LQY 67.57

CALCULATIONS
101 2.59¢ 102 1,73¢ 103 0,667 0,000 104a 87,477 109 4,521 104 eessesse 107 3.362
160 1.366 108 55,391 109 sesssess 110 4,331 111 287.187 112 12.2%0 113 418,147 11¢ 133.71%
11% 67.246 116 138,873 117 “6,712 118 23.41% 139 “8,3% 120 63,249 0,000 1218 ?2.768

0.000 1210 T6.237 121L <61,8%8 121F 4,610 122 129,108 123 96.370 124 2.290 128 0.306
126 1.217 127 1,379 128 0,270 129 6.780 130 0,990 1% 0.377 132 0,837 133 =1.800
134 0,441 135 0.537 136 0.80% 137 0.679 138 =0,092 139 0,866 140 2963.493 1e1 3883,302
142 1097,.736 143 708,866 144 768,526 14% eeseeses 145 434,769 16T 329.043 148 5387.03% 149 3269.619
150 182.7%9 151 <76.390 152 sesssees 153 G718,431 15% 7213.75] 158 1947,668 156 6903,242 157 7917.681
158 112,448 159 S.132 16l 0.134

106 11164, e 109 2188178,

148 -91%9,925 .. .. iua 5387.03%
149 5265,619 - 152 11932.183
153 4718,431 =~ 154 7213,7%1

/7 €ENO 17 MaR 7% 11,1%4 HRS

204



RJN 160, EVENT 525
ses H202 APU PERFORMANCF sen
CATC 1+10-73 READING 82%
Timg 16- 0-31 BARONETER 13,27 PSIA
DATA 1IN ENGINEERING UNITS
RP66 883,56 RPHET 945,26 DL6S 444 OLEY 3.33 _ SPS  886.8T7 SP7 323,30 DWGB 4,63 DHEY 3,38
SP18 12%,60 SP63 3,80 SP27 9%5,02 SP®%A 580,33 SP62 82,49 =10.6) SP64 10,61 ' LP1 3837,00
LP2 88,19 RT66 436.%8 RYET 922.%0 STS =16,46 -ST7 £37,93 ST1¢ 939,94 ST17 e97.4) ST10 580,16
S$T19 696,38 sT27 %$9.62 ST31 377.316 ST3S 472,30 ST3® S71,2¢ ST#1  W78,.89 STy 909,41 STe? 1126,.72
STS1 1096,21 ST56 2B4.04 STS7 Tuu,%9 STsg  777.30 ST62 19%A,5¢ ST6m 1328,76¢ S5T66 T07.56 STBY  859%.68
ST86 365,10 LT2 525,72 LTS5 S18.,13 LTé %525.B8% SNB162%%1,13 S019 13.07 5083 0,40 508% 0,63
1Q2 20.07 L@ 18.77
CALCULATIONS
1014 1,892 102 1,247 10% 0.6%9 0,000 10uaA 57.70% 109 3,269 106 8033,188 107 3,368
160 1,567 108 36,007 109 seocesse 110 3,140 111 19%,5683 112 8,778 113 297.173 11% 102.71%
11% 64,697 116 S0,212 117 52,632 118 33,062 119 23,660 120 83,908 0.000 1218 6,992
0,000 121D 43,010 121E 21,47 121%F 89,494 122 43,220 123 97.389 124 1,798 129 0,093
126 0.619 127 1,073 128 0.306 129 0,783 130 0.490 131 0.477 132 0.%916 133 =1,077
134 0,.%06 135 0.690 136 0.7%3% 137 0.758 1138 =0,143 13% 0.932 140 2037.%69 181 2280.600
142 606,129 143 589,779 144 629,638 14" eesseses 146 198,081 14T 160,089 148 3899,276 149 169,544
150 216,661 191 36,374 152 5898,6B80 1%Y 1207,.23% 1% ue91,.9%5 155 1963,3%2 156 8927.633 157 7970,.683
1%6 112,005 159 3604 e} 0,134 . .
106 ap3y, 109 20%6327,
148 -6B49,380 148 385%,276
149 4169,%5ub 152 5898.680
158 1207,234 15% 4691 ,uu6
AJN "60. EVENT 529
ses H202 APU PEAFDRMANCF ase
DATE 1=10-7% READING 529
TIME 116~ 2-31 BARGMETER 13,27 PSIA
OATA IN ENGINEERING UNITS .
RP66 882,31 RP6T 955,09 DLAB 8.69 DLRY 6.32 5SP3 BB4,06 SPT 910.33 DOHed 8.% DM6Y 6.9%
SF18 134,02 SPel 10,91 SP2? 952,07 SP58 935,33 SP62 113,% -10.02 SP6s -10,02 (Pl 3822,08
LP2 88,02 KRTeb 498,40 RTE7 521.97 STS %15.7¢ ST7 1098,.40 STie 991.A3 ST1? 501,16 ST18 STB.4%
ST19 692.06 sY27 S3.46 ST32 386.99 ST3S 470.33 ST39 560.99 STH1 477,11 ST4S 505,75 STe7 1173,19
ST51 1111,B% sTS6 284,04 STS?7 729,59 STSA  7%0.88 S$T62 1961,.10 ST6S 13%1,08 ST66 757.0¢ 5T84  604.37
ST86 572,27 LT2 536,43 LTy 517,95 LTe S33.31 SnB162488,13 SQ19 13,03 5983 0,42 SgBs 0,69
Lo2 30,22 LS 16,67
CALCULATIONS
101 2.613% 102 1.751 103 0.670 0.000 1044 96.142 109 2.723 106 seesssss 107 3.366
160 1.366 10286 39.072 109 wesswesese 110 4,364 111 274,648 112 9,437 113 33%,172 114 137,508
115 104,029 116 82.92% 117 $0.2%3 118 37,877 119 30,193 120 65,847 0,000 1218 T.886
0,000 1210 w1,366 121E 23,989 121F 62,469 122 75,039 123 96,499 12s 2,312 128 G.240
126 1,206 127 1.406 128 0,315 129 0.782 130 0.478 131 0.%82 132 0.8308 133 -1.0%0
134 0,383 13 0,678 138 0,789 137 0.702 138 -0,099 139 2.724 140 2985,903 141 324,57
142 735,642 143 737,238 144 797,451 14S sesesses  JuE 2%3,T0% J4T 208.298 148 S%00.128 3149 5%509.160
1350 194,792 131 -244,361 132 9335,375 153 2391,721 1%% 6943.6%4 159 1935,45% 156 8511,464 157 7928668
158 107,3%0 159 “,152 161 0,141
106 11273, 109 2076839,
145 -6619%,772 148 5500.128
149 509,180 152 3335,37%
183 2391.721 156 6943 6%
RUN 160, EVENT 53k
vee H202 aPU PERFORMANCF LTy
DATE 1-10-7% READING 53
TIME 16~ ¢-% BARDMETER 13,27 PSIA
OATA IN ENGINEERING UNITS
RP66 B81.93 RP67 9%%.91 DLé&s 13,75 OL6Y 13,76 SP3 8Tu,.28 SPT N98,78 OMES 30.63 OHe9 28.18
SP18 138,36 SP63 28,73 SP27 341,77 SP%8 911,28 SP62 219,67 =7.%3 SP6s =7.93 Pl 3760,.08
P2 81,97 RT66 998.40 RT6T 522,27 STS 511.12 ST? 696,41 ST1é 995,81 ST1? %11.63 SYT18 588,93
ST19 728.%% sT27 49,93 ST31 317,90 ST3S 469.76 ST39 Sug.6) STH1 479,£9 STHS 499,97 STu7 1174,76
S¥31 1129.49 SY%6 317.39 STS7 733,78 §T8a 750,88 ST62 1962.38 ST6= 13A3.09 5T66 785,46 STBY €12.52
STB6 380,56 LY2 95%,45 LTS 917,65 LTe %50.67 SHB162377.88 SG19 12,93 5083 0.4% Sa8% 0.81
Le2 74,92 LOS 18,72
CALCULATIONS
101 .“.9%7 1c02 3.2¢5 103 D.654 0.000 104A 201,547 109 2,437 106 seveenee 107 3.33%
160 1.367 108 43,598 109 sssesans 110 8,202 111 529,133 112 10.668 113 362.719 114 247.793
113 210,623 116 160,208 31317 4e,.8%7 114 39,80% 119 30,277 120 160,7a% 0.000 1218 8.67%
0,000 1210 45,850 121E 59,090 121F  96.26% 122 191,932 123 94,720 12% 4,624 3298 0,332
1268 2,41% 127 2,343 128 0,248 129 0.7%2 130 0.663 13 0.292 132 0,644 133 1,171
134 0.266 13% 0,560 13é 0.76% 137 0.676 138 «0,076 139 0,832 140 #935,440 141 748,061
142 2502,687 143 1116,420 144 1283,6827 19% sesessssn 146 341,932 187 206.917 143 essscear 149 sesevves
130 296,765 131 «144.303 152 sesesnse 153 5136.318 1%4 ssesssss 153 1928.829 156 8316.773 187 7908.300
158 105,163 199 4,745 161 0,145
106 20891, 109 2128777,
148 -8367,028 148 10834,966
149  10%22,637 152 18833,086
153 $1%6,.318 154 13676,%67



RUN 161, EVENT 541
ses H202 APU PERFORMANCF see
OATE  1=13-7% AEADING  suy
TINE 34=27-%6 BAROMETER 13,41 PSia
DATA IN ENGINEERING UNITS
RPEE 073,51 APGT 9%.73 DL6D 4,67 DLES 3.8 SP% 873,08 SPT 920,87 DMéeA 4,67 DHE9 3,%2
SP18 126,08 SP63 3.71 SP2Y 337,70 SPS8 541,95 SP62 81,089 «10.78 SPE4 -10.,78 LP1 3846.08
LP2 85,98 RT66 911.99 RTE? 839,90 STS %28,98 ST? 633,87 ST16 935,89 ST17 493,90 STi8 S78,.66
ST19 710,07 SsT2? 63.20 ST31 336,79 ST3%5 u71,.%% ST39 973,12 STe1 478,24 ST4N 307,22 ST47 1130,16
S751 1062.73 ST36 284.0u ST57 728,25 $TS8 777,60 ST62 1964,62 ST6" 1330,%3 ST6&e 707.82 ST84 593,40
ST86 564,19 LT2 825,01 LTS 519.4% LT6 522.7¢ SNA162740.13 SA19 13,12 Sp38s O.43 SQ85 0.62
LQ2 21,07 Les 87.67
CALCULATIONS
101 1.929 102 1,255 103 0.6%0 0,000 104a £7,.797 10% 3.306 106 8083.552 107 3.327
160 1,367 108 36.118 109 sessssee 110 3.18% 111 199,A78 112 8,927 113 311,199 11 10%95.43%
113 6%.120 116 79.449 117 92.804 118 32.%80 119 39,748 120 46,230 0.000 1218 T.322
0,000 1210 “7.637 121E »7.006 121F 33,308 122 72,126 123 97.761 124 1.720 125% 0.208
126 0,828 127 1,100 128 0,273 129 0,779 130 0,%70 131 0,401 132 0.948 133 -1.226
138 0,906 13% 0.726 136 0.7% 137 0,7% 138 =0.247 139 0.929 140 1798.226 141 2209.9%3 .
142 866,929 143 619,435 j6u 559,419 1u8 ssesesse 146 189,398 147 160,247 148 3720.996 149 4256.640
190 333,29 1%1 31,488 192 7190,185 153 240%,975 1%¢ 47A4,210 1%% 194B8,918 156 87%9,85 1%7 7960.293
158 110,049 1%9 3.682 161 O.138 -
106 8083, 109 2070028,
148 -7022.262 148 3720,99¢
149 42%6.640 152 719C,185
133 2405,975 154 4784,210
RUN 163, EVENT 5LB
enn H202 APU PERFORMANCF LY}
OATE 1-13-7% READING S48
TIME 15-5%5-56 BARDMETER 13,41 PSTA
0aTa IN ENGINEERING UNITS
RP66 873,31 RPE7T 960.65 DL68 L. 831 OLE9 3,38 SPS 872,68 SP7 820,26 DW68 4,67 DHEY 3.u40
SP18 131,24 SP63 4.16 SP27 559,03 SP38 544,32 SP62 82.9% -10,72 SP&¢  -10.72 LP1 3839,08
LP2 89,97 RT66 511.26 RT67 928,81 STS 926,22 STY 632,49 ST1é 936,76 STI7 492,10 ST18 57«,11
ST19 962,93 sT27 36,02 ST31 272,21 ST3% 469.%0 ST39 567,78 STH1  47%,%3 STu% 506.8% ST4T -211.%9
STS1 1097.80 STSE 284,04 STSY 733,78 STS8  790.38 ST62 1961.74 ST6% 1331.87 ST€é 7T36.74 STB4  554.12
ST86 S66.2% LT2 %19.27 LTS5 509.87 LTé6 %13.80 SNBLK2T2u.38 SC19 13,03 sgQ83 0.40 Sca85 0.62
L2 23,97 Le3 87,62
CALCULATIONS
101 1.90% 102 1.275 103 0.669 0.000 1044A $7.622 108 3.311 106 8211.%2% 107 3.366
160 1,366 108 35,750 109 sessenss 11N 3.140 111 197.311 112 8,75% 113 315,333 114 103,448
115 65,082 116 89,833 117 $2,640 118 32,96% 119 45,528 120 81.%66 0.000 1218 T.419
0,000 1210 45.822 121E 17,372 1216 21.030 122 a2.414 123 97,427 124 -1.%66 125 3,471
126 0,8%1 127 1.0%92 128 0.207 129 0,781 130 0.667 1M 0,312 132 0,939 133 0,106
154 0.%1% 138 0.727 1% -0.870 137 0.721 138 «~0,079 139 0.%11 140 1431,899 1v1 2376.072
142 123%,%70 1«3 530,953 144 £29.976 14% 613,656 146 202.16R 14Y 165,719 148 3927,781 149 4019.%589
1%0 110,631 151 32,530 152 T794,471 1953 2872,632 194 4921,.839 1%% 1954,240 156 8875,340 157 7927.057
1%8 111,962 15% 3.90% 161 0.13%
106 8211, 109 20473%46,
148 613,636 148 3927.7a1
149 4019,%89 152 TT9 471
153 2872,6%2 154 “921,839
RUN 170, EVENT 673
L X1 H202 APU PERFORMANCF [ LT ]
DATE 1=-14=79% READING 573
TIME 14- 3-33 BAROMETER 13,39 PSIA
CATA IN ENGINEERING UNITS
RP6E 869,30 RP6T S62.12 DL6S 13,75 DL6Y 13,76 SPs 843,18 SP7 487,03 OWES 68,67 DHe9 47,58
SFle 149,58 SP63 wb.72 SP27 530.14 SP%8 477,90 SP62 314,.9A -%,40 SP6u =5,80 LP1 3712.08
LP2 82,54 KTe6 527.86 RTET 526,38 ST5 527,54 STT 696.93 STis S5%96.73 ST17 917.11 ST18 60&.59
sT19 E82,91 sT27 52.28 ST33 409,13 ST3%5 uEe8.55 ST39 S38,.5%% STU1  4B0,R2 STHS u96.T77 STe7 1169.37
STS51 1127,.68 STS6  394.83 STS57 T37.97 STSB 749,77 ST62 1962.38 ST6% 1394,.90 ST66 802.27 ST8w 616,14
STE6 %86,92 LT2 S574.09 LTS 5¢0.77 LT6 S67.61 Sn8162440,.8A8 SO19 12,98 S48} 0.47 SQ8% 0.90
Le2 117,92 tLed 21.72
CALCULATIONS
101 6,958 102 4,573 103 0.6%7 . 0.000 10uAa 299,228 108 2.312 106 wsewsess 107 3.340
160 1.367 108 43,270 109 sessecss 110 11,531 111 742,186 1312 11,917 113 396,522 11% 340,838
11% 308,558 116 247,681 117 49.9% 118 41,57+ 119 33,371 120 249,716 0,000-1218 9,329
0,000 121D  “1,610 121E 70,207 12)F 102,487 122 238,351 123 93,916 124 6,527 12% D.431
126 X, T00 127 3,258 28 0,331 129 ° 0,681 130 0.9%9 13 0,446 132 0,314 133 0,379
134 0,210 3133  0,%21 13¢& C.Tu8 137 0.,6%9 138 -0,0%6 139 0,804 140 8413,031 1%l 9379,6%3
142 140%9.650 143 13952,39C 144 J642,766 145 esesesas 146 377,280 14T 200,407 148 eesssses 149 ecssence
150 287,911 151 =3185,913 152 sewsswse 153 A4RT,1T3 154 sseseens 1%9 1932,217 156 8339,15% 157 7909.388
158 105,433 1%9 5.3%0 161 Gylus
106 29442, 109 2123864,
145 -4475,60% 148 15239,978
149 146%7,011 152 28107.818
133 84B87,173 154 19620.649



RP&6
SP13

LP2
sST19
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LG2

101
160
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1590
138

106
149
149
153
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RUN 170, EVENT §79
sae H202 APU PERFORMANCYF [T 1]
DATE 1-14-7%
TIME 1u= §-31%
DATA IN ENGINEERING UNITS
869,70 AP6T 863,43 DLEB  13.7% OLE9 13,76 SPS B39,77 SPT 82.47 DHéa
133,29 sPel 49,73 SP27 B%27.46 5P%8 4T0.4T7 SP62 339.78 1.19 SPéw
64,61 RT6RL 928,75 RTH7 927.8%F STS S530.89 ST7? 694,11 sTle 973,01 ST17?
671,70 sT27 52.%8 5731 406,59 ST35 u67.33 ST39 540,13 ST41l 480,19 STHS
1134,68 STS6 405,10 STS? 737,38 ST88  748.4% ST62 1960,46 ST6S 1429.79 SY6e
594,29 LT2 592,10 LTS S520.71 LTé S%75,16 SNE162456,63 5019 12,93 Soas
117,72 L@S 21.77
CALCULATIONS
7.2R1 102 4,828 103 D.663 0,000 104a 298,780 108 2,432
1,366 108 24,201 109 sessesse 110 12,109 111 701,006 112 12.994
oM, 061 116 284,029 117 47,663 11a 43,942 119 «D,%17 120 248,944
6,000 1210 35,148 121E 33,313 121F 99,360 122 274,728 128 93,429
3,965 127 3,315 128 0,327 129 0,678 130 0.4% 131 1Y)
0,207 139 0.u22 136 0.77¢ 137 0.63¢ 138 -0,03% 139 0.790
1%03,8%57 383 14p9,251 144 1787.5%0 1Uu9 essesees 146 477,889 147 219,834
282,718  1%1 -189,131 152 sssewses 153 9388.39% 15« essseere 1%% 19u0,9%83
107.921 1%9 5.01% 16l 6,1u0
31083, 109 191Q3u8,
-33%56,442 148 1606%,080
15300,086 152 31405,5301
JRB8, 39% 154 21917,507
AUN 170, EVENT 585
e A202 APU PERFORMANCF see
DATE 1=14-75
TIME 1u~= B-36
DATA IN ENGINEERING UNITS
87¢.50 RP6T %61.30 DLéd 13.7% DL6Y9 13,76 SP3 836,00 SPT7 4R6.42 OW6EE
128,90 SP63 33,33 S5P27 S44.98 SPBB 512,49 SPE2 292,07 0.70 SPb4
69,08 RTEE 828,46 RY6? 530.65 STS %32.,20 STT 703.20 ST16 589,94 ST1?
573,92 ST27 45,76 S5T31 360.08 ST3% 465,99 ST39 551,94 STH1 &477,A1 ST4S
1136,23 ST36 334,24 STS? 730,10 STS8 747,74 STé2 1960,78 ST6% 1449,.26 SThe
596,40 LT2 972,27 LTS 520.65 LT6 563,90 SN8162472.38 SR19 13.04 SgBs
74.82 LGS 21.72
CALCULATIONS
4,462 10¢ 3,533 102 0,646 €,000 104a 201,717 10% 2,673
1,363 108 18,819 109 sssvesses 110 8.99% 111 497.19% 112 13,094
212,473 116 232,3R86 117 48,437 114 42,734 119 46,739 120 160,301
0,000 1210 39,694 121€ -9,147 t211 19,782 122 221,622 12% 94 7356
2,7%9  t27 2,702 128 0,285 129 0.734 130 0.9%2 131 g, 3ar
0,255 13% 0,545 136 0,812 137 0,621 138 -0.,n89 139 0,864
1936,418 1643 1366,285 144 19A2,05% 14% 1780,362 146 S32,16% 147 333 3453
337,2%7 151 «145,077 152 essecsws 153 7E36,A93 154 eesonser 18% 1912.523
109,519 159 5,699 161 0.139
22748, 109 1823961,
1780.362 148 11922.u19
11401,037 192 2444D.6p2
7836,893 15%  166(03.712
RUN 170, EVENT 593
ses H202 APU PLARFORMANCF ase
DATL 1=14-73
TIME 18=11-41
DATA IN ENGINECRING UNITS
871,950 RP&T 999,18 DL6& 13,75 DL&9 9.93 SPY 088.63 SPT 499,39 DWES
120,04 SP&3 14,97 SP27. 3%5,29 SPS8 S41.41 SP62 160.66 0.31 SPéw
7%9.99 RT66 327,75 RT67 ~531.83 $TS 933.%1 ST7 70%.% ST16 H89,9%4 ST17
378,89 sT27 30.92 ST31 367,87 ST3% «6%.61 STIF 573,86 STHYL 475,15 STy
1096,089 ST36 284,04 STS? 724.66 SYS8 Tu6,.93 ST62 19%%.98 STHS 1485.99 ST66
598,62 LT2 B5358.40 LTS 520,17 LT6 S46.5% SN8162%03.88 S019 13.2% S083
29,72 LGs 21,712
CALCULATIONS
3,326 102 2,194 103 0,859 0,000 104A 94 ,9%% 10% 3.0ap
1,367 108 12,692 109 ssessess 110 5.521 111 27%,42A 112 13,029
103,898 116 149,912 117 49.232 118 317,8%9 119 84,627 120 64,723
0,000 1210 40,320 121E 37,074 121F «3,698 122 140,973 123 26,923
1,%23 127 1,803 128 0,303 129 0,776 130 0,476¢ 131 . 0,479
0,419 13% 0,382 136 0.873 137 0,349 13g =0,118 123¢ 0,900
1090,493 143 1108,203 146 1212,112 149 1388,133 146 541,229 147 257, 363
239,233 151 =90,61% 152 sessssss 153 4779,260 156 essseese 15% 1933, %33R
116,773 199 Y.361 161 0.130
14127, 109 1680278,
1368,133 168 REH2,79
6293,00% 152 16023,%96
“779.260 154 11244,336

READING 579
- BAROMETER 13,39 PSIA
77,%¢ OH69 92,64
1,17 LP1 3689,08
933,78 ST18 612.%8
499,48 STH7? 1217,84
839,68 STAK 629%,8%
0,34 SO8% 0,96
10¢ sesesess 107 3.3%2
113 395,305 11¢ 333,888
0,000 1218 9,301
12¢ 6,438 125 0,842
132 0,901 “
140 8732,236
148 asensssss 149 eevesves
196 8341,2%1 157 7914,323
READING 569
BAROMETER 13,39 PSIA
3%.45 DHEY 26,96
0,70 LP1 3741,08
28,70 ST18 606,93
S06,36 STHT 1272,65
863,34 STaw 630,25
0,598 SQ85% 0,98
106 sssesens 107 3.320
113 457,491 114 241,404
0,000 1218 10,764
12¢ 4,475 125 0,988
132 0,611 133 0,252
140 %853,69% 141 76D2,343
148 ensevsze 149 essnerns
156 A642,%41 187 7891,349
READING 593
BAROMETER 13.39 PSIA
14,71 DHeY 10,37
0.31 LP1 38DB,08
946,03 ST18 603,71
923,34 5T47 1364,05
936,62 ST84 633,87
0.60 5Q85 0.96
106 seswosss 107 L 9% 11.]
113 379,929 11¢ 135,279
0,000 1218 8,939
124 2,269 12% 1.057
132 0,783 133 0,179
140 3991,664% 141 4263,739
148 6642,79% 149 6293,00¢
196 9232,742 157 7906.563
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AP&E
SP1s

LP2
ST19
ST81
ST86

LQ2

101
160
11%

126
134
142
150
182

106
148
149
193

RPEE
sP18

LP2
ST19
s$T91
$T86

LQ2

101
160
115

126
134
1u2
150
158

106
143
149
153

RP66
SP18

Lp2
ST19
STS1
ST8e

La2

101
160
115

126
134
142
150
158

106
145
149
153

208

sne H202 APU PERFORMANCH
DATE 121478
TIME 14=~12-%56
DATA IN ENGINEERING UNITS
871,70 RP67 559,01 DL6S 9,06 DL&9 6,12 SPS 869,43 SPY
120.07 SPe)d 10.34 SP27 859,70 SP38 349,2% SP&2 127.66
81,11 RT66 327,4% RTET 931,95 STs 833,87 577 70%.56 ST1é
391,1t sv27 48,34 5Y31 334.67 ST3S 465,61 ST3® 992,06 ST4y
1067,09 STS6 284,04 STS? 725,48 ST%3 747,03 ST62 19%4,06 ST6EY
600,01 LT2 9%6.16 LTS 9%20.3% Lts %36.78 SN8162%66,88 S019
17.47 L@S 21,62
CALCULATIONS
2,%9% 102 1.726 103 0.67% 0,000 10uA 38,231
1.36% 108 10,397 109 sesesssns 110 4,282 1131 198.982
66,179 116 103,2%7 117 SC0.411 113 33,2%9 119 51,892
0,000 121p 42,000 121E .29,129 121F 4,927 122 99,309
1,119 127 1,040 128 0,28y 129 0.768 130 0,508
0,481 139 0,342 136 0,887 137 0.%531 138 -0,112
1114,381 343 1010,132 144 1086,986 1u% 1320,806 146 520,091
192,710 151 =71,150 1%2 ssveesas 153 2963,668 154 3932,1%7
121,683 159 3.694¢ 163 0,124
11116, 109 1533393,
1320,806 148 4739,087
4697,066 152 1189%.82¢0
2963,664 154 8932,157
RUN "80, EVENT &3
sen H202 APU PERFORMANCF
OATE 1-22-75
TIME 15- 1-30
CATA IN ENGINEERING UNITS
869,70 RP67 5%¢,93 OL6S 13.75 OLs9 13,76 SPS 840,17 SP7
126.08 SP63 352,62 SP27 514,63 SPSE 45«.93 SP62 333.28
66,80 RT66 911.99 RT67 S23,52 ST 517,92 ST7 688,.3% ST1e
667.71 sT27 33.16 ST31 364,04 ST3S 469.06 ST39 615,18 STy
1083,71 ST36 363.95 STS7? 733,58 STR3 749,57 ST62 1944,46 STES
386,08 LT2 714,37 LTS S26.26 LTe 557.14% SN81629%993,38 $019
120,17 LOY 13.27
CALCULATIONS
7.937 1c2 4,891 103 0,649 0.000 104a 304,723
1,38 108 23,589 109 weeseses 110 12,429 111 731%.00a
313,436 116 176,518 117 47,049 118 43,83 119 24,687
0,000 1210 31,909 3121E 145,630 121F 168,823 122 167.80%
3,676 127 3,860 128 0,301 129 0.696 130 0,u1s
0,207 138 0.439 136 0,823 137 0.%962 138 «0.074
653,188 143 3016,490 1u4 3T713,218 14% 4361,277 146 281,%T%
421,813 131 -200,344 152 sesseses 1% 3418,%25 1%G esessase
103,427 1959 4,699 161 Q.187
31493, 109 1898349,
4361.277 148 15102,3%¢
13899,7%9 152 27%89,673
3418,%2% 1SY  24171,149
aun 187, EVENT 688
(21 H202 APY PERFORMANGE
DaTE 2= 5$-7%
TIME 11- 3-46
DATA IN ENGINEERING UNITS
873,71 RP6T $%0,03 DLES 11.6S OLAY 9.43 SPS 870,48 sP7
117,22 sPe63 16,97 SP27 544,71 SP3E  %24.66 SP62 130.7%
80.95 RT66 488.50 RT6T 523,34 STS %516.%9 577 657.38 STig
392,29 5727 55.74 ST3) 10.66 ST35 46B8.86 ST39 Sum,%s STH1
1127,23 STS%6 2%2.22 STSY 731.7s STS8 750.6M ST62 19%.62 ST6%S
558,92 LT2 %36.37 LTS $16.99 LTe 531.66 SNB162645,63 S019
31.72 Les 14.67
CALCULATIONS
3,175 102 2,033 103 0,640 0,000 1044 98.197
1.368 108 10,550 109 swsessee 310 5,209 111 2u7,.a8)
164,980 116 69,091 - 117 57,390 118 42,410 119 27,909
0,000 31210 44,283 121F 42,687 121F 80,180 122 62,300
1,438 3127 1,740 128 -0,042 129 0.816 130 0,851
0,319 135% 0,893 13¢ 0,801 137 1,241 1313 0,088
498,707 143 768,187 14y A53,.093 14§ 1022.833 146 166,8%3
210,597 151 -6B.698 152 4726,432 1% 1794,668 15« 2931,763
102,721 1%9 3,497 16) 0,149
13p93. 109 1568074,
1022,833 148 7006249
13230.960 152 4726 ,432
1794,668 154 2931,743

RUN 170, EVERT 597

807,09
0.21
399,73
474,48
1301,23
13.33%

OWes
SPée
ST17
ST4s
ST66
Spa3

10%
112
120
123
131

4.412
13,411
29,169
97.66%

0,456
139 0.896
147 261,094
13% 1961,677

4A7,.63
1,27
349,49
"96,24
1426,88
13.3%7

DHés
SPéy
ST17
ST4S
STée
S$QAa3

108
112
120
123
131

2,447
12.099
247,939
89,49

0,473
139 0.791
juz7 124,849
135 1917,980

512,96
0.26
823.13
“T6.73
1436.9%
11.28

OoH6a
SP8y
ST17
STe8
STéé
Sg8s

109
112
120
123
131

3,103
T.73%6
68,024
83,578
0.333
139 0.69%
147 143,098
153 1904,330

13,39 PS1A

3.41 PSIA

13.39 PSIA

READING 597
BAROMETER
9,19 OHe9 6,40
0,21 LP1 3831.08
356,79 ST18 614,28
338,82 STUT 1392,44
987,68 ST84 634,37
0.63 Se8s 0.99
106 sesnaseas 107 3.378
113 337,796 11¢ 100.23¢
0,000 1218 7,948
124 1,986 12% 0.969
132 0,850 133 0,189
140 2502,93¢ 141 2989,48u
1u8 4739,067 149 w697,066
156 9646,71¢ 187 7927,700
READING 631
BAROMETER 1
77,02 DHe9 $7.45
1.27 (P1 3603,0%
326,20 S5T18 74,18
307.3% STu? 1262.82
909.31 S7A4 615,15
0.52 SQ8% 0.91
106 seesesss 107 3324
113 370,285 114 336.628
0,000 1218 8.712
124 S.750 125 1.784
132 0,532 133 0.27%
140 7970.828 141 9100,251
1Up ssaesess 149 wesssone
156 8168,820 1%7 7898,003
READING 688
S8AROMETER
11.63 OKeY 2.69
0.26 LP) 37%,08
“081,89 ST18 874,14
492,18 ST47 129,62
263.66 ST84 989,08
0.36 S@85 0.%¢
106 **sescne 1907 3.307
113 288,614 118 142,481
0,000 1218 6,790
12 2,662 12% 0,513
132 0,797 133 0,207
140 =%524,336 141 %293,303
148 T7006,249 149 sessenss
136 3103,690 137 7888,9%86



RUN 187, EVENT 692
tew H202 aPU PLRFORMANCSE ase
DATE 2° 5-73 READING 692
TIME 11« =51 BAROMETER 13,39 PSIA

OATA IN ENGINEERING UNITS
RP66 B74,71 RP&Y S%50.68 CL68 6.10 DL6Y 4.6% SPS 873,84 SP? 816.21 DHes 6,06 DNGY .93
SP18 114,80 SP62 7.72 SP27 549,13 SP58 933,98 SP62 kLY -1 ) 0.17 SPéw 0,17 LPy 3772.09
LP2 80,58 RT66 489,19 RT6T 923,94 ST 14,52 ST7 666,39 ST16 %31,01 ST1T 466,01 STI8 %90,16
ST19 369.49 sT27 57.68 ST3) 10,66 ST3S 468.48 ST3I9 B71.88 ST4) 479,78 ST4S 900,10 STe? 1320.70
ST51 1093,94 ST36 206,89 ST57 729,59 STS8 749.67 ST62 1968.46 STES J463.A2 STH6 <%02,30 STAU %96.84 -
STA6 362,25 LT2 S37.61 LYS S17.11 L_T6 527,27 SnA162692.88 5019 11.39 SQ83 0,41 SQA% 0,5%
Lo2 17.32 LGS -=14,.69

CALCULATIONS
101 2.226 102 1,472 103 0,661 0,000 1042 82.321 108 4,241 106 9481,23%¢ 107 3,349
160 1.3¢7 108 7.976 109 sevasses 111 3,699 111 1%9,%03 112 8.280 113 317,080 116 97.211
115 59,782 1lle =3.614 117 60.89) 113 37,480 119 ~2,266 120 24,338 0,000 1218 T4l

0,000 12310  4%,889 121F  70.8%7 121F 108,286 122 =11,07% 123 84,299 12¢ 1,618 128 ‘0,619
126 0,914 127 1,311 128 -0,045 129 0.8% 130 0.81% 131 0.171 132 0,849 133 0.169
134 0,440 138 0.816¢ 136 0,8%1 137 2,040 138  .0,09% 139 0.706 140 -383,381 el 2737.473
142 3480,284% 143 719,410 144 774,687 1¢% 993,399 146 184,059 147 189,989 148 4596,790 149 seeesses
150 156,484 1351 253,677 152 sssessea 153 sseassss 154 ssesewens 199 1939,4%2 1% 8370.677 157 7914.807
158 108,286 1%9 3,884 161 0.140

106 9661, 109 14229%9,
14y 993,399 148 4596,790
149 15956%,019 152 +5162,4u8
193 -1245,358 154 -3917,090
RUN 187, EVENT 695
oo H202 APU PERFORMANCF sen
DaTE 2= 3=7% READING 69
TIME 11 SeS%} BAROMETER 13,39 PSiaA

DaTa IN ENGINEERING UNITS

aP66 A74,51 RP67 95%1.17 CLES 11,58 OL69 9.26 SP% B7C.8% SPT 503,67 DH&S 11,58 DHES 9.7
sPis 118,13 SPe3 14,16 5P27 9347.79 SPS8 526.14% SP62 137.86 0.728 SPés 0.28 LP1 3787.09
LP2 77.62 RT66 488,88 RTHE7 523,52 STY 510.39 ST7 680.0% ST16 936,78 ST17 487,45 ST18 877.76
ST19 5¢S,.06 ST27 49,64 ST31 10,6 ST35 467,78 ST3® 349,63 ST4] 473,43 STUS 496,02 STHT 12a83.81
$TS1 1128.38 ST56 2%..02 STS7 730,30 5758 749,16 STH2 1955.34¢ ST6S 1449,49 STe6 -%80,32 ST8H 601,61
5786 66,42 LT2 S3B.78 (T5 S17,11 LTe 533,37 SNA1A2629.88 SQ19 11.26 soa3 0.38 5Q8% 0.61
L@2 31.47 LOS 14,97

CALCULATIONS

101 3.146 102 2,030 103 0.6u5 0.000 310ua 97.616 109 3.181 106 esveenmss 107 3.36
160 1.368 108 11.0%5 109 esvesses 111 $.176 111 248,R28 112 8.%4% 113 333,355 114 137,488
113 103,460 116 76.03¢ 117 55,121 11A 42,383 119 30,337 120 68,118 0,000 1218 T.843

0,000 1210 39,872 121F 37,268 123F 69,297 122 68,191 123 83,321 124 2,%26 129 0.620
124 1,433 127 1,713 128 =0.,03 129 0,810 130 0.A4p 131 0.137 132 0,744 133 0.206

134 5,333 139 0,807 13 0.826 137 2.128 138  .0.08% 139 0,771 140 »449,145 14l 4284,787
142 4911.438 148 783,620 144  867.8%8 145 1062.7A2 1ué 217.923 347 181.h03 148 6917.626 149 sessssss
150 207,688 1%1 <B2.667 152 swessses 153 2030,265 154 snesssese 18% 1911,0264 156 B5%6,714¢ 197 7892,127
1%8 108,420 1959 4,109 161 0.1u1

106 13070, 1C9 1%86124,
145 1ns2,782 144 6917,626
149 22691.,102 1%2 <4363,793
153 2030.265 154  <6394,0%9
RUN ‘87, EVENT 698
sss H202 APU PERFORMANCSF ose
DATE 2= 978 READING 698
TIME 11~ 6-92 BAROMETER 13,39 PSta

DATA IN ENGINEERING UNITS

RP66 874,71 RP6T 991,50 DL6S 6,05 OL69 4.8 SPs 872,84 SPY 9523.91 Duea 6,23 CHEY “,89
SP18 116,18 SP63 7.93 SP27 580,33 SP38 535,47 SP62  96,8% 0.18 SPéw 0.18 LP1 3772.09
LP2 81,56 RT66 489,36 RT67 323,16 S5TI 908,80 STT 680,79 ST16 SH2,6% ST17 494,08 ST18 593,23
ST19 872,05 ST27 53,16 ST31 10,66 ST3% 467.55 ST39 973,79 STu1 674,82 ST4s 905,13 STa7? 1334.10
ST31 1093,71 5796 208,85 STS? 725,89 STS8 7T48.86 ST62 1962.38 ST6S 1473.45 ST6e =104.15 STEY 605,31
ST86 368,38 LT2 286,04 LTS5 S17.41 LT6 528,34 SNB162771.63 $S019  11.38 Sg83 0.4% 5083 0.63
L92 19,62 LO% 14,62

CALCULATIONS
01 2,208 102 1,463 103 0.664% 0,000 104A 82,300 108 4,210 106 9436.679 107 3.3%6
160 1,366 108 8,116 109 wsssesse 110 3.670 111 1%8,.%78 112 9.178 113 348,341 11e 93.267
113 60,300 116 88,076 117 98,793 118 38,182 119 36,623 120 24,308 0,000 1218 8,200

0,000 1210 40,967 121C 10.62% 121F 43,392 122 “9,87% 123 93,770 124 1,563 125 0.639
126 0,913 127 1,291 128 «0,040 129 0,893 13¢g 0.R11 1% 0,176 132 0,844 133 0.168
134 0,449 133 0,712 336 0.836 137 1,629 138 «0.10% 139 D.792 140 «343,119 141 273%5.866
142 3439,648 143 735,384 144 787,021 1645 1199,913 145 228,91% 147 192,906 148 9512,46% 149 essssues
13¢ 177,134 181 -60.501 152 328,475 193 1332,690 154 .80u.21% 1%% 1944 _Sa% 156 '8797.862 157 7917.626
196 111,117 199 3.997 161 0.136

106 Su36, 109 1423038,
185 1199.9:13 148 4312,483
14%  12370,39% 152 328,475

133 1332.690 154 -80%.2315% ORIGINAL PAGE B
OF POOR QUALITY
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RPBS
SP18

LP2
ST19
s151
sS1688

LO2

101
160
11%

126
136
142
1%0
158

106
149
149
183

210

DATE 2«

378
TIME 11~ 8-81

DATA IN ENGINEERING

473.11 R
123,01 SP

74,01 RT
§53.74 ST
1139,42 sT
376,69 L

7%.,22 L

CALCULATI
$.160
1,368

208,771
0,000 1
2,999
0,237

8036,069

27%,980

116,276

21272,

1417,880
34349,929

3579,620

P67

63
66
7
36
T2
L]

ONS
102
108
116
210
127
139
143
151
1589

9%8.49
30,083
488,82
w6, 40

333,36

933,04
14,72

UNITS
oLé68
spa2vy
RT6?
st
STS7?
LTS

3,304 103
18,939 109
121,661 117
39,796 121€
2,%60 128
0.682 136
108%,609 144
150,863 152
“,78% 161

109
148
152
154

13.75 OL69 13.76
545,65 SP38 509,39
321,55 ST3 903.66

10.66 STY33 466,76
733,27 ST38  T48.8%
917.05 LT6 946,20

0.640 0.
sesssses 110 a,
$0,%02 118 43,
92,9%¢ 121F 12},
-0,032 129 0.
0.769 137 2,
1214,994%  14% 1417,
sssssvse 133 3379,
0,131
1823608,
11%99,%80
-4671,79%
=B2%1.,417

RUN 187, EVENT 705
sss  H202 APU PERFORMANCF

SPS
SPE2
sT7
ST39
$T62

860.01 SP?
291.97

693.90 ST16
936.%% STu1
1950.86 S5T6S

S$HA162994.38 SGQ19

000
L1
992
%06
737
028
8p0
620

1082 196,924

111 467.74%
119 26,010
122 112,84
130 0,867
138 -0,066
146 323,616
194 sssssens

504,49 OHES
0.%9 SP6«¢
95%3.%6 ST17
478,84 STUS
1419.09 SThé
11.20 So83

108 2.378
112 9.9%8
120 198,9A4
123 82,201
131 0.119%
139 0,828
147 230,078
1%% 1902,123

31.49 DHE9

0.59 Le1 3
300.%4 ST18
494,29 STuT 1
-456,.73 ST84

0,43 SnRS

106
113

124
152
140
148
156

sesenses
375,982
0,000
4,680
0,393
-675,460
ssssnave
9167,592

READING 109
BAROMCTER 13,39 PS[A

2%.02
746,08
S84, 3%
205,91
610,71

0.74

107 3.306
114 236.720
1218 8,066
12% 0,479
133 0,260
161 7218,15%
149 sesesees
157 7884,32%
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